BEST 

AVAILABLE  COPY 


J.'  I 


kcifitv  ClHli 


DOCUMENT  CONTROL  DATA  RAD 

fStwIlr  tltttlllcttlp  ml  lllh,  tmtf  ml  rtllwtl  m*  MM»«a  matallH .  mu. I  k*  •»!•>•<  .«m  Mm  lm|i  I.  fluaiWi 

INSTITUTE  FOR  DEFENSE  ANALYSES  UNCLASSIFIED 

400  Army -Navy  Drive  untutoaiuLu - 

Arlington,  Virginia  22202 


3  REPORT  TlTLl 

Low-Light -Level  Devices:  a  Designers’  Manual 


«  OttCftiPTi  vl  NOTH  (Typm  ml  rr»arf  wift  tnthtmlwm  4m t* a) 

Report  R-169,  August  1971 


»  AU  thORIII  MM,  mt4rnm  ImtUmt.  iatiMMj  . .  — 

Lucien  M.  Biberman,  Frederick  A.  Rosell,  Otto  H.  Schade,  Sr., 
Alvin  D.  Schnitzler,  Harry  L.  Snyder 


August  1971 


IN.  CONTRACT  OR  IRAN  T  NO 

DAHC15  67  C  0011 

R-169 

PONT  NIIMBC mu 

ft.  RROJIC  T  NO 

Task  T-36 

c. 

M(a 

0«H  (A rry  aftw  ihmNm  Mil  mmr  ft*  ma»lgnm4 

4 

None 

II.  IP  ON  IO  MIN  ft  Ml  LI  T  AM  V  ACTIVITY 


Advanced  Research  Projects  Agency 
Arlington,  Virginia  22209 


Excellent  correlation  exists  between  the  quality  Of  3erial  photographs  as  measured  by 
the  modulation  transfer  function  area  (KTFA)  and  as  measured  by  observer  performance.  The 
KTFA  and  the  signal-to-noise  ratio  at  the  display  (SNRp),  derived  in  this  report,  are 
closely  related,  and  the  SNR .  is  adopted  here  as  the  main  criterion  of  equipment  quality. 

Present  commercially  specified  parameters  are  unsatisfactory  means  for  predicting 
equipment  performance.  This  report  considers  the  parameters  that  are  directly  related 
to  observer  performance  as  the  truly  meaningful  ones  and  flags  them  out  as  such. 

In  the  design  of  both  remote-view  television  and  direct -view  image-intensif ier  systems, 
it  is  important  to  present  the  output  image  to  the  eye  at  luminance  and  angular  size  suf¬ 
ficient  that  the  squired  modulation  is  determined  not  by  the  optical  properties  of  the 
eye  and  the  neurological  organization  of  the  retina  but  rather  by  the  fundamental  effects 
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FOREWORD 


The  performance  of  night  vision  devices  has  reached  a  level  where 
the  limitations  can  often  be  found  to  reside  in  the  chosen  size  or 
quality  of  the  display  rather  than  in  the  quality  of  the  sensor.  A 
lack  of  general  understanding  of  visual  requirements  often  results  in 
display  specifications  that  produce  an  image  too  small,  too  dim,  or 
too  fuzzy  to  present  the  picture  to  the  eye  as  well  as  the  sensor  has 
recorded  it. 

Buyers  tend  to  accept  night  .vision  devices  that  will  measure  up 
to  the  standards  of  the  commercial  home  entertainment  television  to 
which  they  are  accustomed,  not  realizing  that  such  equipment  will  be 
inadequate  to  meet  the  exacting  demands  of  military  viewing.  But 

buyers  are  not  completely  at  fault.  Manufacturers — especially  tube 

/ 

manufacturers — have  refrained  from  publishing  the  very  characteristics 
of  their  products  that  govern  the  quality  of  the  television  picture 
displayed. 

The  Night  Vision  Laboratories,  recognizing  the  problem,  have  es¬ 
tablished  a  specification  and  procurement  framework  for  direct -viewing 
(intensif ier)  devices  but  have  not  yet  extended  this  sufficiently  for 
raster-producing  imaging  devices. 

About  three  years  ago,  at  the  request  of  the  Air  Force  Systems  Com¬ 
mand,  the  Office  of  the  Director  of  Defense  Research  and  Engineering 
fODDR&E)  asked  the  Institute  for  Defense  Analyses  (IDA)  to  furnish 
guidelines  to  bring  order  into  what  was  indeed  chaotic  procurement  of 
night  vision  devices.  In  response,  IDA  has  presented  a  series  of 
lectures  and  has  published  papers  in  the  open  and  classified  litera¬ 
ture  to  encourage  the  use  of  real  and  effective  criteria  in  the  design, 
specification,  testing,  and  acceptance  of  photoelectronic  image  forming 
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devices.  The  IDA  effort  has  culminated  in  the  publication  of  a  two- 
volume  treatise,  Photoelectronic  Image  Forming  Devices,  edited  by 
Biberman  and  Nudelman  and  released  in  January  1971  by  Plenum  Press, 
New  York. 

Portions  of  that  treatise  (basically  Chapters  4,  11,  and  19  of 
Vol.  I  and  Chapter  22  of  Vol.  II)  are  extended  in  this  paper  at  a 
level  of  detail  not  feasible  in  a  commercial  publication. 

This  work  has  been  supported  as  a  continuing  task  for  ODr^*>E 
under  the  general  direction  of  E.N.  Myers. 
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ABSTRACT 

Excellent  correlation  exists  between  the  quality  of  aerial  pho¬ 
tographs  as  measured  by  the  modulation  transfer  function  area  (MTFA) 
and  as  measured  by  observer  performance.  The  MTFA  and  the  signal-to- 
noise  ratio  at  the  display  (SNR^),  derived  in  this  report,  are  closely 
related,  and  the  SNR^  is  adopted  here  as  the  main  criterion  of  equip¬ 
ment  quality. 

Present  commercially  specified  parameters  are  unsatisfactory 
means  for  predicting  equipment  performance.  This  report  considers 
the  parameters  that  are  directly  related  to  observer  performance  as 
the  truly  meaningful  ones  and  flags  them  out  as  such. 

i 

In  the  design  of  both  remote-view  television  and  direct-view 
image-intensif ier  systems,  it  is  important  to  present  the  output  image 
to  the  eye  at  luminance  and  angular  size  sufficient  that  the  required 
modulation  is  determined  not  by  the  optical  properties  of  the  eye  and 
the  neurological  organization  of  the  retina  but  rather  by  the  funda¬ 
mental  effects  of  output  luminous  fluctuations  on  the  decision  process. 

Also,  we  point  out  that  reduction  of  display  luminance  below  the 
usual  working  level  has  a  dramatic  effect  on  the  required  modulation 
as  a  function  of  frequency. 

2  i 

Using  the  criterion  of  SNR^,  one  can  rank  present-day  low-light- 
level  camera  tubes.  This  report  does  so  in  detail  in  Section  V-A-4. 

However,  it  is  clearly  difficult  to  specify  a  best  tube  without  a 
rather  complete  understanding  of  the  relative  importance  to  system 
performance  of  sensitivity  versus  light  levels,  detail  rendition,  and 
lag.  A  small  change  in  the  relative  importance  of  these  factors  can 
seriously  affect  choice  of  the  "best"  tube. 
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For  years  the  image  orthicon  was  the  preferred  tube ,  Beginning 
about  1963-64,  the  secondary  electron  conduction  (SEC)  camera  tube  re¬ 
placed  it  in  favor,  since  the  low  lag  of  the  SEC  tube  outweighed  the 
need  for  very  low-light -level  performance  in  many  aircraft  systems. 

More  recently,  Loth  the  improved  image  isocon  and  the  siiicon-electron- 
bombardment  induced -response  (SEBIR)  camera  tube  have  emerged.  They 
will  pr5  ably  replace  the  SEC  tube. 
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SUMMARY 


by  Lucien  M.  Biberman 
A.  HISTORICAL  BACKGROUND 

Low-light-level  devices  originated,  conceptually  at  least,  in  the 
1920s,  when  it  was  realized  that  some  of  the  various  means  of  focusing 
electrons  and  forming  beams  also  amplified  the  energy  of  the  electrons 
being  focused  and  thus  provided,  in  principle,  a  mechanism  for  light 
amplification.  Unfortunately,  the  technology  of  that  period  was  so 
rudimentary  compared  to  that  we  know  now  that  efforts  to  achieve 
light  amplification  by  those  means  were  frustrated  by  the  very  poor 
efficiencies  of  coupling  and  of  converting  light  into  electrons  and 
electrons  back  into  light. 

Later,  as  cathode  and  phosphor  efficiencies  improved  to  the 
extent  that  an  image  amplifier  or  intensifier  could  produce  more  light 
at  its  output  than  it  received  at  its  input,  it  became  obvious  that 
such  devices  could  be  cascaded  to  increase  gain  exponentially.  The 
first  patent  on  such  a  concept  was  issued  in  France  in  1936,  but  the 
first  working  device  was  not  demonstrated  until  1952  and  then  in  the 
United  States. 

Ir.  the  early  phases  of.  American  development  of  low-light -level 
devices  the  emphasis  was  on  light  amplification.  It  was  only  rather 
late  in  the  program,  in  the  mid-sixties,  that  serious  attention  was 
paid  to  the  companion  problem  of  image  quality.  It  is  interesting  to 
note  that  the  Dutch  and  English  philosophy,  pretty  well  driven  by  the 
arguments  of  Peter  Schagen  of  Mullard,  concentrated  on  simple  one- 
stage  devices  of  good  image  quality  but  quite  low  picture  brightness. 
American  tubes  were  being  pressed  toward  quite  high  gain,  i.e.,  output 
images  about  50,000  times  as  bright  photometrically  as  the  input  to 
the  tube.  The  Dutch  and  B'  itish  tubes  were  more  apt  to  provide  gains 
of  a  few  hundred. 


1 


Both  routes  of  development  suffered  from  fixation  of  the  estab¬ 
lished  concepts  and  points  of  view. 

It  is  easy  to  point  out  in  retrospect  that  when  the  scene  was 
very  dark  the  low-gain,  high-resolution .devices  of  the  Dutch  and 
British  were  of  precious  little  use — the  image  quality  might  very 
well  have  been  excellent  but  the  image  was  so  very  dim  that  often  a 
human  eye  could  not  see  it  or  required  too  much  time  to  see  it.  On 
the  other  hand,  the  high-gain  American  devices  did  penetrate  the 
darkness  well  enough  for  viewing  rather  large  objects  not  too  far 
away.  As  the  light  level  increased,  the  performance  of  the  American 
devices  increased  only  until  they  became  limited  by  a  variety  of 
image  quality  limitations.  Thus,  we  had  good  image  quality  from  the 
English  and  Dutch  devices  and  good  gain  from  the  American  devices. 

Brightness  gain  is  not  the  only  important  standard  by  which  the 
performance  of  low-light-level  devices  must  be  specified.  This  fact 
has  only  recently  found  acceptance  among  members  of  the  R&D  community 
and,  unfortunately,  its  acceptance  outside  that  community  has  been 
even  slower.  The  importance  of  proper  specifications  must  be  impressed 
upon  operations,  procurement,  and  maintenance  personnel  in  the  Serv¬ 
ices  if  U.S.  forces  are  to  achieve  an  image  quality  in  night  vision 
that  is  comparable  to  the  image  quality  in  day  vision. 

During  the  early  development  of  low-light-level  devices,  pro- 
spective  users  would  ask,  "How  dark  is  it  when  you  can  just  see  a 
specified  object,  and  how  much  farther  can  you  see  with  your  device 
than  I  can  see  with  my  unaided  eyes  or  looking  through  binoculars?" 
Darkness  was  measured  by  instruments  that  corresponded  to  the  eye. 

The  night-vision  aids,  however,  were  in  reality  near-infrared  devices. 
This  was  apparently  too  complicated  to  explain,  and  thus  the  eye- 
related  units  of  brightness— the  lumen,  the  lambert,  and  the  foot- 
candle— became  the  standards  by  which  one  measured  light  and  darkness 
and  specified  the  performance  of  night-vision  devices. 

As  time  progressed,  low-light-level  devices  improved  in  several 
ways.  A  principal  improvement  was  extension  of  the  response  of  the 
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sensing  layer  (or  cathode)  to  longer  wavelengths  to  capture  more  of 
the  available  radiation — light  in  both  the  visual  and  infrared  portions 
of  the  spectrum.  Most  of  this  increased  response  was  in  the  infrared. 

These  improvements  were  important  for  several  reasons.  First, 
the  "light"  (invisible  radiation)  from  photochemical  reactions  in 
the  night  sky  increases  dramatically  as  one  looks  deeper  into  the  near 
infrared.  Second,  the  contrast  of  most  scenes  is  greater  at  wave¬ 
lengths  above  about  600  nanometers — the  deep  red  part  of  the  visual 
spectrum  extending  into  the  near  infrared. 

As  these  improvements  progressed  they  laid  the  groundwork  for 
much  confusion  and  semantic  difficulty.  Those  engaged  in  development 
and  procurement  had  learned  a  lingo  that  never  was  correct  but  had  not 
previously  caused  difficulty.  Now  they  specified  light  levels  as  seen 
or  measured  by  eye  while  looking  with  a  device  that  saw  in  a  region 
of  the  spectrum  unseen  by  the  eye.  Thus,  it  was  possible  for  things 
to  be  bright  to  a  night- vision  device  and  dark  to  the  eye  and  vice 
versa.  This  very  property  was  exploited  fully  in  various  traveling 
exhibitions  and  demonstrations  that  showed  military  scenes  on  or  in 
some  staged  setting  of  scale  models  nicely  illuminated  by  ’’invisible 
light”  from  a  bank  of  special  electric  lamps  tucked  away  out  of  sight. 
The  "invisible  light"  was  invisible  to  the  naked  eye  but  not  to  the 
devices  used  to  demonstrate  night-vision  progress. 

One  must  recognize  that  night-vision  devices  have  a  color  sensi¬ 
tivity  different  from  the  eye  and  that  they  see  wavelengths  the  eye 
cannot.  Specifications  written  in  terms  of  standards  based  on  the 
sensitivity  of  the  eye  cannot  help  but  lead  to  confusion  or  disappoint¬ 
ment  or  both. 

It  is  actually  much  more  meaningful  to  specify  the  performance 

of  a  device  under  conditions  of  full  moonlight,  which  is  about 

-2  -2 
2  x  10  footcandles,  then  it  is  to  specify  2  x  10  footcandles  alone. 

Full  moonlight  has  a  color  spectrum  that  is  real,  known,  and  repro- 

_2 

ducible.  The  2  x  10  footcandles  could  apply  to  any  kind  of  light 
of  any  color  that  the  eye  could  see.  Later  in  this  report  we  show 
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typical  but  erroneous  nomographs,  once  in  general  use,  that  indicate 
performance  measured  under  illumination  from  a  tungsten  lamp.  These 
nomographs  imply  that  performance  will  be  equally  good  when  light 
sources  providing  illumination  equal  to  that  of  the  tungsten  lamp 
(2854°  Kelvin)  but  of  different  spectral  distribution  are  used. 

NOT  SO! 

Many  other  methods  of  specification  hang  on  from  the  days  in 
which  television  was  aborning.  One  of  the  most  common  of  these  is 
the  method  of  measuring  device  performance  by  noting  those  objects 
that  the  observer  knows  are  there  but  that  he  can  ho  longer  see 
fifty  percent  of  the  time.  According  to  this  practice,  the  limiting 
resolution  is  the  smallest,  or  narrowest,  set  of  objects  that  still 
remains  liminally  visible  (visible  50  percent  of  the  time)  on  the 
television  display.  Often  this  is  shown  in  a  plot  of  the  frequency 
of  the  fine  lines  liminally  visible  as  the  light  on  the  scene  is 
increased.  This  is  alleged  to  represent  the  quality  of  the  television 
device.  This  method  of  specification  has  been  used  so  long  that  many 
people  accept  it  and  some  actually  believe  it. 

The  entire  topic  of  the  utility  of  low-light-level  devices  is 
a  complex  one,  and  the  task  of  writing  specifications  for  such  a  device 
that  will  truly  improve  its  user’s  information-gathering  and  decision¬ 
making  performance  has  heretofore  been  easier  to  avoid  than  to  face. 

But  good  specifications  can  be  written,  as  will  be  shown  below. 

To  date,  only  in  the  case  of  the  B-57G  aircraft  have  specifica¬ 
tions  for  electrooptical  sensors  been  written  to  address  the  man- 
machine  perception  problem.  The  low-light-level  system  for  the  B-57G 
has  proved  to  be  at  least  an  order  of  magnitude  better  than  any  other 
flying,  judged  on  its  ability  to  do  its  mission.  Its  design  addressed 
those  factors  that  enable  the  user  to  detect  and  recognize;  those 
factors  were,  in  fact,  the  primary  elements  driving  the  design.  As 
a  result,  this  low-liqht-level  television  (LLLTV)  system  gives  the 


viewer  better  vision  at  night  than  he  has  by  day. 


Thus,  in  a  period  of  half  a  century  (1920-1970)  an  idea  emerged 
and  grew  to  give  man  the  ability  to  see  more  clearly  at  night  than  he 
had  previously  seen  with  his  unaided  eyes  in  bright  daylight. 

In  that  half  century  it  has  been  only  recently  that  serious 
attention  has  been  given  to  the  needs  and  requirements  of  human  ob¬ 
servers.  These  are  still  largely  overlooked,  but  in  at  least  one 
system  the  problem  has  been  faced  and  the  results  are  exemplary. 

B.  EFFECTS  OF  IMAGE  QUALITY  ON  OPERATOR  PERFORMANCE 

Image  intensifiers,  television  cameras,  and  optical  devices 
can  be  measured  and  tested  in  a  manner  somewhat  similar  to  the  one 
used  to  test  a  high-fidelity  sound  system  amplifier  or  a  radar  receiver. 

As  the  frequency  of  a  sine -wave  signal  of  known  amplitude  is  varied 
at  the  input,  the  amplitude  is  measured  at  the  output.  The  ratio  of 
output  to  input  amplitudes,  sometimes  called  the  gain,  is  plotted 
against  frequency  to  give  what  is  called  the  frequency  response  of  the 
amplifier. 

In  optical  devices  one  provides  a  test  pattern  of  square  waves 
and  sine  waves  as  black  and  white  bars,  or  a  series  of  black  bars  that 
fade  through  grey  to  white  and  back  to  black,  sinusodially,  in  a  given 
linear  dimension  that  becomes  smaller  for  each  of  several  sets  of  test 
patterns.  One  measures  the  brightness  of  various  reproduced  patterns 
and  computes  the  ratio  of  signal  out  to  signal  in.  Most  commonly  the 
quantity  "modulation"  is  used  as  the  output  and  input  parameters,  and 
thus  the  modulation  transfer  function  (MTF)  is  often  used  as  a  criterion 
of  optical  element  quality. 

Not  only  do  optical  devices  have  MTF  characteristics,  but  also 
the  eye  has  demands  which  are  contrary  to  the  MTFs  of  most  such  devices. 

Telescopes,  television  cameras,  and  almost  all  other  optical 
devices  work  quite  well  in  producing  a  nearly  100  percent  output  modu¬ 
lation  for  a  100  percent  input  modulation  whenever  the  source  is  JSrge 
or,  in  other  words,  a  low-frequency  signal.  As  the  source  size  de¬ 
creases  and  its  reciprocal  spatial  frequency  increases,  the  MTF  falls 
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off  until  for  some  source  size  (or  frequency)  it  has  effectively 
approached  zero  and  has  readied  a  nonuseful  level.  On  the  other  hand, 
the  eye  requires  very  little  contrast  or  modulation  to  see  large 
objects  but  needs  high  contrast  and  bright  light  to  see  very  small 
objects.  Thus,  as  the  viewed  object  becomes  small,  a  television 
system  does  not  produce  much  modulation,  while  the  eye  needs  large 
modulation  values  to  see  a  small  object  of  high  spatial  frequency. 

For  large  objects  (low  frequencies)  the  television  produces  much 
modulation  and  the  eye  needs  little,  and  the  combined  performance  is 
good;  for  small  objects  (high  frequencies)  the  television  produces 
little  modulation  and  the  eye  needs  much,  and  the  combined  performance 
is  very  bad. 

Recent  experiments  have  shown  that  the  area  (sometimes  called 
MTFA  or  MTF  area)  between  the  MTF  plot  and  eye-demand  plot  (Fig.  1) 


SPATIAL  FREQUENCY  v,  iWmm  . .  » 

FIGURE  1.  Modulation  Transfer  Rjnction  Area  (MTFA) 
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PERFORMANCE 


correlates  very  well  with  success  and  failure  in  the  accomplishment 
of  visual  tasks.  Among  other  experiments,  one  series  has  shown  that 
pilots  and  other  trained  observers  made  few  errors  when  the  MTFA  (of 
the  imagery  they  studied)  was  large,  and  made  many  errors  when  the 
MTEA  was  small.  The  relationship  between  MTFA  and  errors  was  almost 
a  textbook  example  of  correlation  (Fig.  2). 
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FIGURE  2.  Scattergram  of  Information  Extraction  Performance  Versus  MTFA 
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From  an  understanding  of  the  MTFA  work  reported  later  in  Part  II 
and  the  analysis  of  component  performance  in  Part  V  it  has  been  possible 
to  show  that  the  same  criteria  apply  broadly  to  low- light- level  sys¬ 
tems,  but  there  are  important,  if  not  obvious,  differences. 

Let  it  be  emphasized,  however,  that  television  imagery  differs 
distinctly  from  photographic  imagery  in  two  ways,  both  of  which  must 
be  considered  with  care.  First,  both  photographs  and  television 
displays  have  noise,  but  not  the  same  kind.  Photographs  have  a 
"frozen  noise"  called  "grain,"  whereas  television  displays  have  a 
"dynamic  noise"  called  "snow."  Second,  most  common  television  displays 
have  a  line  structure,  made  up  of  "raster  lines,"  clearly  and  sharply 
evident.  Photographs  lack  such  line  structure. 

Raster  lines  interfere  with  viewing  in  the  same  manner  and  from 
the  same  approximate  cause  that  the  10-kHz  interference  whistle  in  a 
superheterodyne  receiver  can  interfere  with  hearing  weak  signals.  Op¬ 
tically,  this  form  of  heterodyning  is  undesirable.  It  is  permitted 
only  because  most  people  do  not  realize  its  degrading  effect  on  image 
quality  or  because  they  actually  believe  sharp  raster  lines  indicate 
a  sharply  tuned  or  focused  receiver.  This  popular  belief  is  very 
wrong.  At  normal  picture  brightness  and  viewing  distance,  the  line 
structure  of  a  good  television  display  should  be  invisible  to  the  eye, 
or  nearly  so. 

1 

The  technology  of  achieving  line  rasters  without  prominent  lines 
has  been  understood  since  at  least  1934,  when  Mertz  and  Gray  published 
their  first  analysis  of  the  problem.  In  1953,  Otto  Schade  quantitatively 
described  the  degradation,  the  acceptable  levels  of  interference,  and 
the  means  to  reduce  the  raster  interference.  A  review  of  these  raster 
problems  and  their  effects  on  image  quality  appears  in  the  second 
article  in  Part  H. 
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C.  LOW-LIGHT-LEVEL  PERFORMANCE  OF  VISUAL  SYSTEMS 


Any  analysis  or  performance  estimate  of  electrooptical  imaging 
systems  is  incomplete  without  an  analysis  of  the  sensor  performance 
and  a  corresponding  analysis  of  the  output  of  that  sensor  convolved 
with  the  input  properties  of  the  observer’s  eye. 

The  eye  is  probably  the  most  versatile  of  all  sensors.  It 

functions  well  when  the  ambient  illumination  is  as  high  as  10  ^  foot- 

_2 

candles  or  as  low  as  10  footcandles,  and  it  continues  to  function, 
but  more  slowly  and  not  as  well,  as  the  light  level  is  further  lowered 
by  more  than  two  orders  of  magnitude.  The  eye-brain  receptor  system 
adapts  to  a  reduction  in  light  level  by  one  or  more  of  the  following 
mechanisms:  enlarging  the  pupil;  integrating  the  light  signal  over 
larger  areas  (decreasing  resolution  to  permit  increased  sensitivity); 
increasing  sensitivity  by  switching  from  high-resolution,  color- 
sensitive  sensorj  (the  cones)  to  high-sensitivity,  lower-resolution 
sensors  (the  rods);  and  increasing  the  integration  time. 

At  the  lower  light  levels,  the  ability  of  the  eye  to  see  small, 
dim  objects  can  be  improved  if  the  objects  are  magnified  at  the  equiva¬ 
lent  low  brightness.  Though  this  seems  sophomoric  philosophy,  it  is 
quite  realistic  and  is  accomplished  by  using  binoculars  (night  glasses). 
Typically,  a  7  x  50  binocular  magnifies  the  image  on  the  retina  by  a 
factor  of  7  and  thus  increases  the  image  area  by  a  factor  of  49.  At 

the  same  time,  the  diameter  of  the  binocular  entrance  pupils  is  50  mm 

2 

and  that  of  the  dark-adapted  eye  is  about  7  mm.  The  (50/7)  “  49 

increase  in  collecting  aperture  just  offsets  the  increase  of  49  in 
image  area.  Thus,  a  sevenfold  magnification  at  equal  brightness  occurs 
and  makes  visible  an  object  that  was  previously  invisible  because  of 
its  smallness  and  dimness.  Increase  in  image  size  at  no  increase  in 
brightness  makes  the  object  visible.  Actually,  the  magnified  image 
is  slightly  less  bright  than  the  unmagnified  object  seen  directly. 

This  decrease  in  brightness  is  quite  small  and  is  due  to  the  small 
losses  in  the  lenses  and  prisms  of  the  binoculars. 
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The  use  of  binoculars  trades  magnification  for  field  of  view. 

As  magnifications  get  larger,  the  corresponding  fields  of  view  get 
smaller.  The  field  of  view  of  7  x  50  binoculars  is  typically  about 
deg.  Greater  magnification  would  linearly  reduce  the  field;  less 
magnification  would  increase  it.  The  utility  of  binoculars  as  a 
night-vision  aid  is  tied  tightly  to  magnification  and  therefore  to 
fie 15  of  view. 

Some  electrooptical  devices,  such  as  image  intensifiers,  are 
light  amplifie  .  One  can  design  image -intensifier  optical  devices 
with  a  degree  of  freedom  over  and  above  the  binocular  concept  of  aids 
to  night  vision.  One  can  now  choose  a  field  of  view  and  a  brightness 
gain  independently  within  rather  broad  limits.  Further,  because  of 
their  capacity  to  amplify  light  greatly,  image  intensifiers  (or  low- 
light-level  television  camera  tubes)  make  night  vision  possible  under 
conditions  of  much  lower  flux  and  much  greater  distance  than  binoculars. 

The  incorporation  of  image -intensifying  devices  in  visual  systems 
permits  the  manipulation  of  design  parameters  with  far  greater  flexi¬ 
bility  than  binoculars  allow.  Image -intensifier  night-vision  systems 
incorporate  (1)  an  objective  for  collecting  and  focusing  the  radiant  flux 
emanating  from  the  scene  onto  a  fiber-optic  faceplate  (the  first  sur¬ 
face  of  an  image  intensifier  tube),  (2'  an  image -intensifier  tube  (at 
the  present  time  usually  containing  three  stages  of  intensification), 
and  (3)  an  eyepiece  presenting  an  enlarged  virtual  image  of  the  in¬ 
tensifier  display.  Low- light-level  television  systems  incorporate  the 
following:  an  objective;  a  cascaded  intensifier  and  camera  tube  com¬ 
bination  comprising  one  or  more  intensifier  modules,  a  camera  tube  and 
fiber-optic  couplers;  a  video  signal  amplifier,  and  a  monitor  contain¬ 
ing  a  kinescope  for  displaying  a  real  image  for  viewing.  The  incor¬ 
poration  of  image -intensifier  devices  in  visual  systems  has  the  effect 
of  decoupling  the  input  and  output  radiant  fluxes,  removing  some  of 
the  optical  constraints  encountered  in  binocular  systems,  and  permits: 

(1)  the  utilization  of  radiant  flux  outside  the  visible  spectrum  and 
generally  the  use  of  more  efficient  image  sensors  than  the  eye,  (2) 
independent  adjustments  of  subjective  magnification  and  flux  collection 
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power,  (3)  the  use  of  integration  times  longer  than  that  of  the  eye, 

(4)  independence  of  the  time  required  for  dark  adaptation  (dark  adapta¬ 
tion  is  not  required)  and  (5)  the  independent  choice  of  optimum  image 
brightness  for  high  visual  acuity  and  freedom  from  eyestrain.  In  addi¬ 
tion,  such  systems  may  provide  greater  flexibility  of  viewing  by  incor¬ 
porating  remotely  placed  television  displays. 

In  image-intensifier  systems  the  quantum  efficiency  of  the 
cathodes  is  now  perhaps  10  percent,  so  that  of  every  ten  arriving 
photons  only  one  liberates  a  photoelectron  to  undergo  the  amplification 
process.  The  amplification  takes  place  in  one  of  two  ways: 

1.  Hie  pnotoelectron  is  accelerated  through  perhaps  a 
10-kv  field  and  focused  upon  a  phosphor  that  is  covered 
by  a  thin  aluminum  film.  Transit  through  the  aluminum 
film  reduces  the  electron  energy  by  nearly  half,  leaving 
about  5000  electron  volts  to  be  transferred  to  a  phosphor 
grain.  This  transfer  of  energy  results  in  a  large  number 
of  0.5-ev  photons.  Of  these  10,000  potentially  liberated 
photons,  perhaps  half  are  trapped  within  the  phosphor 
layer  and  end  up  as  heat  rather  than  light. 

Of  the  5000  photons  that  are  generated,  perhaps  twenty 
percent  are  liberated  in  a  direction  in  which  an  optical 
system  can  collect  and  focus  them.  Thus,  about  1000  use¬ 
ful  photons  are  formed  for  each  photoelectron  liberated 
by  the  phot.' cathode.  A  gain  of  about  1000  per  photo¬ 
electron  thus  occurs  after  the  photocathode,  but  the 
photocathode  has  only  about  10  percent  efficiency,  and 
so  the  overall  gain  of  such  a  device  is  perhaps  100  per 
stage  of  intensification. 

2.  The  second  form  of  intensification  results  from  a  photo¬ 
cathode  converti  g  photons  into  electrons  and  achieving  gain 
by  accelerating  the  photoelectrons  a  small  amount,  causing 
them  to  collide  with  a  secondary-electron  emitter.  This 
process,  repeated  many  times,  multiplies  the  number  of 
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electrons  rather  than  the  energy  of  the  electrons,  giving 
a  high  exponential  gain.  The  electrons  are  finally 
focused  onto  a  phosphor  for  reconversion  to  light. 

Both  of  the  processes  described  above  start  by  reducing  the 
number  of  photons  comprising  the  image.  This  sampling  process  is 
followed  by  a  high-gain  process  which  now  creates  a  bright  spot  or 
scintillation  for  each  photoelectron  generated  at  the  cathode. 

Let  us  look  at  an  extreme  case;  an  image  with  106  distributed 
photons  focused  on  a  cathode  with  10  ^  quantum  efficiency,  followed 
by  10  6  gain.  There  will  be  10^  photons  in  and  10^  photons  out.  But, 
the  output  photons  .will  all  be  in  one  bright  scintillation  and  all 
phase  information  (that  is,  the  information  about  the  original  dis¬ 
tribution  of  photons  that  made  up  the  light  and  shadow  of  the  image) 
is  lost. 

Figure  3  shows  a  series  of  photographs  made  by  George  Morton  to 
show  image  quality  as  a  function  of  the  number  of  photons  comprising 
the  image. 
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7.3  x  10  Photons 


3.6x10  Photons 


FIGURE  3.  Images  Formed  by  Scintillations.  Series  of  Photographs  Showing 

the  Quality  of  Pictures  Obtained  with  various  Numbers  of  Photons 
(or  Photoelectrons  when  the  Quantum  Efficiency  is  less  than  Unity) 


2.8  x  10  Photons 


12 


If  one  uses  an  image  intensifier  on  the  very  dim  images,  i.e., 
the  ones  with  few  photons,  one  merely  gets  an  image  in  which  the  in¬ 
dividual  scintillations  are  brighter.  Since  the  sampling  of  the  scene 
is  not  significantly  improved,  the  quality  (salt  and  pepper  effect) 
remains  the  same. 

To  improve  quality  one  must  improve  the  sampling  by  increasing 
the  collection  of  photons  by  the  optical  system  (larger  lenses  or 
mirrors),  by  increasing  the  photon  collection  rate  or  the  efficiency 
of  conversion,  or,  if  the  rate  cannot  be  improved,  increasing  the 
time.  In  any  case,  more  input  photoelectrons — not  more  gain — are 

needed  for  an  image  that  can  be  intensified  successfully. 

I 

It  can  be  seen  that  gain  alone  is  a  poor  criterion  for  perform- 
J  ance  of  image  intensif iers .* 

In  image -intensifier  systems,  if  sufficient  gain  is  provided, 

1  the  appearance  of  a  scintillation  on  the  display  will  educe  a  visual 
,  sensation  in  the  retina.  Hence,  the  quanta  n  efficiency  of  a  visual 
system  incorporating  an  image  intensifier  is  characteristic  of  the 
|  quantum  efficiency  of  the  image-sensing  surface  of  the  intensifier. 

If  the  duration  of  a  scintillation  produced  on  the  display  of 

I  ' 

an  image  intensifier  is  considerably  longer  than  the  integration  time 
of  the  eye,  the  effective  integration  time  of  the  complete  visual  sys¬ 
tem  is  characteristic  of  the  integration  time  of  the  intensifier. 
Generally,  however,  image  intensifies  are  designed  with  integration 
times  comparable  to  that  of  the  eye  to  avoid  loss  of  vrsual  percep¬ 
tion  for  moving  targets. 

If  the  luminance  gain  of  an  image  intensifier  is  high  enough, 
the  eye  will  exhibit  the  high  visual  acuity  and  speed  of  response 
characteristic  of  foveal  vision  even  though  the  scene  luminance  (as 


* 

It  is  therefore  very  important  that  the  more  significant  factors  in 
low-light-level  technology  be  emphasized  in  the  detail  writing  of 
specifications  and  in  procurement  negotiations.  The  present  over¬ 
whelming  fascination  with  gain  should  not  continue. 
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seen  by  the  unaided  eye)  may  be  as  low  as  10  cd/m  ,  corresponding 
to  terrain  illuminated  by  an  overcast  night.  However,  it  must  be 
emphasized  that  the  structure  of  an  image  formed  on  the  retina  by  an 
image-intensifier  system  directed  at  a  dimly  illuminated  nighttime 
scene  will  generally  be  quite  different  (coarser  grained  and  scintil¬ 
lating)  than  the  structure  of  an  image  of  the  same  luminance  produced 
by  a  binocular  system  or  the  unaided  eye.  In  the  case  of  the  intensi¬ 
fied  image,  visual  acuity  will  be  limited  by  fluctuations  in  the 
generation  of  the  scintillations  forming  the  image  rather  than  by  the 
properties  of  the  eye. 

Remote-view  television  systems  for  low-light-level  applications 
offer  some  additional  degrees  of  design  flexibility  not  available  to 
direct-view  image-intensifier  systems.  Besides  the  possibility  of 
separating  the  position  of  the  image  sensor  from  the  image  display, 
there  is  the  possibility  of  enhancing  contrast  and  modifying  the 
image  in  other  ways  by  mer ns  of  associated  video  processing. 

These  additional  degrees  of  design  flexibility  in  remote-view 
television  systems  result  from  the  incorporation  of  an  additional 
conve:  ion  of  the  two-dimensional  electron  image  generated  at  the 
primary  photocathode  into  a  video  signal  current  by  means  of  sequen¬ 
tial  readout  of  the  image  elements  of  the  electron  image  on  the  camera- 
tube  charge  storage  target.  Kie  conversion  of  the  electron  image  into 
c  video  signal  may  introduce  a  limit  on  sensitivity  not  associated  with 
the  parameters  of  the  eye.  The  noise  generated  in  the  first  stage  of 
the  video  preamplifier  will  determine  the  minimum  detectable  signal 
current  unless  there  is  sufficient  electron  multiplication  of  photo¬ 
electrons  generated  at  the  primary  photocathode  before  video  signal 
injection  into  the  video  amplifier.  In  practice,  it  has  been  found 

4 

that  an  electron  multiplication  of  about  10  is  required.  Electron 
multiplication  may  be  achieved  with  image-intensifier  modules  and/or 
internal  electron  multiplication  by  means  of  electron  bombardment  of 
the  storage  target. 
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The  gain  provided  before  storage  of  charge  at  the  "charge  storage 
target"  occurs  as  a  low-frequency  gain  between  cathode  and  target  with 
a  relatively  narrow  bandwidth  corresponding  roughly  to  the  frame  of 
time  of  the  system. 


Video  preamplifiers,  on  the  other  hand,  operate  at  frequencies 
corresponding  to  the  comparatively  wide  band  and  high  frequency  of  the 
readout  beam--5-50  MHz.  Thus,  the  most  useful  gain  is  that  associated 
with  the  low-noise  amplification  processes  before  readout.  These  are 
low-noise  processes  due  in  no  small  part  to  their  narrow-band,  low- 
frequency  character. 


If  sufficient  electron  multiplication  is  provided,  the  video 
current  will  consist  of  a  coarse-grained  signal  current  of  large 
pulses  and  a  fine-grained  noise  current.  The  luminous  image  formed 
on  the  display  by  conversion  of  the  video  current  will  consist  of 
bright  scintillations  forming  the  image  and  a  dim  background  randomly 
generated  by  the  video  noise  current.  Under  these  conditions  the 
quantum  efficiency  of  the  total  visual  system  comprising  the  remote- 
view  television  system  and  the  operator  will  be  characteristic  of 
the  primary  photocathode.  As  in  direct-view  image-intensifier  systems, 
threshold  sensitivity  and  integration  time  will  be,  to  a  reasonable 
extent,  at  the  disposal  of  the  designer,  subject  to  whatever  restric¬ 
tions  are  imposed  by  operational  requirements,  size,  weight,  and 
cost. 


The  same  flexibility  in  design  of  subjective  magnification  and 
radiant-flux  collection  power  exists  in  remote -view  television  systems 
as  in  direct-view  image-intensifier  systems.  The  subjective  magnifi¬ 
cation  is  not  so  rigidly  specified,  however.  The  difference  lies  in 
the  fact  that  the  magnification  between  the  display  and  the  observer's 
retina  depends  on  the  viewing  distance,  which  may  not  be  rigidly  con¬ 
trolled. 


In  the  process  of  detecting  the  input  image,  converting  it  to 
electrons,  focusing  it  onto  the  phosphor,  and  recreating^  visible 
image,  contrast  is  lost  at  each  step  for  the  reason  that  aberrations 
cause  an  overlapping  of  the  radiance  pattern  on  the  display  produced 


15 


ge^SHS rtWSS??*6'' 


by  the  input-image  irradiance  pattern.  In  the  limit  of  small  image - 
element  sizes,  as  contrast  falls  below  a  few  percent,  detection  proba¬ 
bility  approaches  zero. 

Rather  than  reproduction  of  contrast  on  the  display  as  a  function 
of  image-element  size,  it  is  customary  to  consider  the  reproduction  of 
the  modulation  amplitude  of  a  sinusoidal,  spatially  modulated,  radiant 
test  pattern  as  a  function  of  spatial  frequency.  The  relation  between 
contrast  and  modulation  amplitude  is  described  below.  The  modulation 
transfer  function  ,'MTF)  or  sine-wave  response  of  a  photoelectronic 
imaging  (PEI)  system  is ■  defined  as  the  ratio  of  the  modulation  ampli¬ 
tude  of  the  display  image  to  the  modulation  amplitude  of  the  input 
image  on  the  photocathode  as  a  function  of  spatial  frequency — normalized 
to  unity  as  the  frequency  approaches  zero.  The  sine-wave  response  can 
be  measured  by  projecting  a  sine-wave  pattern  with  100  percent  modula¬ 
tion  onto  the  photocathode.  First  a  sine-wave  pattern  of  low  spatial 
frequency  is  employed  and  the  peak-to-peak  output  amplitude  is  noted. 
With  this  amplitude  as  a  reference,  the  pattern  spatial  frequency  is 
increased  in  discrete  steps.  At  each  step  the  new  peak-to-peak  ampli¬ 
tude  is  measured,  and  the  ratio  of  this  amplitude  to  that  measured  at 
the  low  spatial  frequency  is  formed.  The  plot  of  these  amplitude  ratios 
as  a  function  of  pattern  spatial  frequency  constitutes  the  sine-wave 
response. 

The  case  of  a  zoom  intensifier  merits  special  attention.  If 
the  zoom-intensif ier  sine-wave  response  were  unity  at  all  spatial 
frequencies,  resolution  would  be  unlimited  in  both  wide-angle  and 
narrow-angle  modes.  Since  the  wide-angle  mode  also  covers  more  view- 
field  as  well,  there  would  be  little  point  to  zoom.  As  a  practical 
matter,  the  intensifier' s  sine-wave  response  is  limited  by  aberrations 
in  the  electron  optics  and  the  phosphor  particle  sizes.  As  the  view- 
field  is  decreased,  or  zoomed,  going  from  the  wide-  to  th>.  narrow-angle 
modes,  image  magnification  increases  in  the  same  ratio.  Consequently, 
the  spatial  frequency  scale  of  the  sine-wave  response  curve  is  com¬ 
pressed  by  that  ratio.  Specifically,  for  an  80/25  mm  zoom  tube,  the 
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magnification  increases  from  approximately  1/3  to  unity  as  the  view- 
field  is  decreased  and  the  spatial  frequency  of  the  wide-angle  mode 
is  reduced  in  the  narrow-field  mode  by  approximately  three,  and  the 
higher  amplitude  response  associated  with  lower  frequencies  pertains. 
Thus,  some  of  the  higher  sine-wave  response  at  a  given  target  spatial 
frequency  in  the  narrow-angle  mode  is  sacrificed  in  the  wide-angle 
mode  for  the  sake  of  wider  viewfield.  On  the  other  hand,  greater 
brightness  gain  is  realized  in  the  wide-field  mode,  and  if  sufficient 
brightness  gain  is  not  otherwise  provided,  the  wide-field  mode  may 
provide  some  improvement  in  performance. 

For  evaluation  of  the  overall  performance  of  a  complete  visual 
system  comprising  both  the  operator  and  the  PEI  system,  it  is  necessary 
to  consider  the  spatial  frequency  response  of  the  eye  and  the  magni¬ 
fication  between  the  PEI  display  and  the  retina. 

The  modulation  required  by  the  eye  to  detect  a  sine -wave -modulated 
luminance  pattern  depends  on  both  the  optical  parameters  of  the  eye  and 
the  organization  of  the  neurological  centers  of  the  retina.  Both  are 
functions  of  the  luminance  level  on  the  display.  The  required  modula¬ 
tion  will  also  depend  on  fluctuations  in  the  luminance  of  the  display. 

If  the  required  modulation  is  plotted  as  a  function  of  spatial 
frequency  on  the  display,  the  frequency  scale  will  depend  on  the  dis¬ 
tance  from  the  eye  to  the  display  of  a  television  monitor  or  the  sub¬ 
jective  magnification  of  an  eyepiece. 

The  required  modulation  as  a  function  of  frequency  in  cycles 
per  inch,  calculated  from  retinal  modulation  sensitivity  curves  pub¬ 
lished  by  A.  van  Meeteren,  reveals  that  low  values  of  display  lumi¬ 
nance  have  a  dramatic  effect  on  the  required  modulation  function. 

It  is  important  in  the  design  of  both  remote-view  television 
and  direct-view  image-intensif ier  systems  to  present  the  output  image 
to  the  eye  at  sufficient  luminance  and  angular  size  so  that  required 
modulation  is  not  determined  by  the  optical  properties  of  the  eye  and 
th*1  neurological  organization  of  the  retina  but  rather  by  the  funda¬ 
mental  effects  of  output  luminous  fluctuations  on  the  decision  process. 
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It  has  been  determined  empirically  (first  article  in  Part  II) 
that  excellent  correlation  exists  between  the  subjective  quality  of 
aerial  photographs  and  the  area  (MTFA)  bounded  by  the  ordinate  axis, 
the  modulation  of  the  photographic  image,  and  the  required  modulation 
function  of  the  eye.  The  rationale  for  the  choice  of  the  MTFA  as  an 
overall  measure  of  picture  quality  and  observer  performance  is  based 
on  the  observation  that  easy  detection  of  a  particular  spatial  fre¬ 
quency  requires  that  the  modulation  should  be  as  high  (conspicuous) 
above  that  required  by  the  eye  as  possible.  In  aerial  photographs, 
generally  all  spatial  frequencies  are  of  interest.  Hence,  the  MTFA 
was  proposed  as  an  overall  measure  of  observer  performance  and  pic¬ 
ture  quality.  In  visual  observation  of  photographs,  the  modulation 
required  by  the  eye  at  low  spatial  frequencies  depends  on  the  proper¬ 
ties  of  the  visual  system.  At  higher  spatial  frequ^  cies,  fluctuations 
in  grain  size  set  the  requirement  and  cause  the  required  modulation 
to  rise. 

In  the  case  of  low  image  input  irradiances  to  low-light-level 
electrooptical  systems,  a  rise  in  required  modulation  with  increasing 
frequency  is  observed,  which  is  due  to  fluctuations  in  the  output 
luminance  produced  by  scintillations  on  the  display. 

The  probability  of  correctly  identifying  a  known  signal  in  the 
presence  of  noise  is  a  function  of  the  signal-to-noise  ratio. 

For  a  given  input-image  element  size  and  sampling  time,  the 
signal-to-noise  ratio  of  the  output  image  is  determined  by  four  pro¬ 
perties  of  the  system: 

1.  The  size  of  the  entrance  pupil  of  the  objective. 

2.  The  quantum  efficiency  of  the  photocathode. 

3.  The  internal  generation  of  noise  such  as  shot  noise  in 
thermionic  current,  Johnson  noise  in  the  input  resistor  of 
the  video  amplifier,  and  fluctuations  in  electron  multipli¬ 
cation  processes. 
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4.  The  degree  to  which  the  input  image  can  be  reproduced  on 
the  display  without  overlap  of  the  luminance  of  adjacent 
image  elements,  i.e.,  the  frequency  or  sine-wave  response. 

In  image-intensifier  tubes,  thermionic  current  and  fluctuations 
in  electron  multiplication  are  generally  negligible-  compared  to  the 
shot  noise  of  the  photocathode  current.  In  low-light-level  television 
systems,  if  high  intensifier  gain  is  provided,  the  video  amplifier 
output  current  consists  of  a  coarse-grained  current  of  large  pulses 
and  a  fine-grained  noise  current. 

If  it  is  anticipated  that  a  system  will  be  used  for  detection 
of  images  of  all  sizes  on  the  display,  then  the  overall  performance 
of  a  system  and  an  observer  will  depend  on  the  signal-to-noise  ratio 
at  the  display  at  all  frequencies  weighted  equally. 

Besides  the  combined  system  and  observer  performance,  it  is 
useful  to  specify  a  measure  of  performance  of  the  system  without 
reference  to  the  eye.  Such  a  measure  is  the  signal-to-noise  ratio 
of  the  image  on  the  display.  The  definition  of  detection  efficiency 
for  infrared  point  detectors  can  be  logically  extended  to  imaging 
systems  by  utilizing  the  image  signal-to-noise  ratio. 

D.  IMAGE-INTENSIFIER  TUBE  STRUCTURES 

Night-vision  systems  incorporate  a  variety  of  image-intensifier 
devices,  often  in  combinations,  designed  to  meet  various  operational 
conditions  and  military  requirements.  The  physical  electronic  func¬ 
tions  performed  in  image  intensifiers  include  (1)  conversion  of  the 
radiant  image  formed  on  the  image  sensor  surface  into  an  electron 
image,  (2)  intensification  of  the  electron  image,  and  (3)  conversion 
of  the  intensified  electron  image  formed  on  the  display  surface  into 
a  visual  image. 

In  addition  to  brightness  gain,  image  intensifiers  can  be  used 
to  provide  viewfield  zoom  by  simple  electronic  means.  They  are  also 
simply  coupled  to  television  pickup  tubes  to  increase  the  sensitivity 
of  low-light-level  television  systems. 
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The  most  common  intensifier  module  sizes  are  16/16,  18/18,  25/25, 
40/18,  40/25,  40/40,  80/25,  and  80/40  mm,  where  the  first  number  re¬ 
fers  to  the  photocathode  diameter  and  the  last  refers  to  the  phosphor 
diameter.  The  approximate  dimensions  are  given  in  the  table  below. 
These  sizes  vary  considerably  from  manufacturer  to  manufacturer  but 
may  be  thought  of  as  representative. 


TYPICAL  INTENSIFIER  DIMENSIONS 


Photocathode/Phosphor 

Zoom 

Length, 

Diameter, 

Diameter,  mm 

Range 

in. 

in. 

16/16 

1:1 

1.65 

1.16 

18/18 

1:1  . 

2.0 

1.35 

25/25 

1:1 

2.4 

2.0 

40/25 

1:1 

5.4 

4.0 

40/40 

1:1 

3.7 

3.0 

60/18 

3:1 

6.0 

3.7 

80/25 

3:1 

8.0 

6.0 

80/40 

3:1 

8.0 

6.0 

*Exclusive  of  high-voltage  insulation 

A  typical  three-stage,  modular  cascade  image-intensifier  tube  is 
shown  in  Fig.  4.  The  three  modules  are  mechanically  and  optically 
coupled  together  and  completely  encapsulated  with  the  voltage-multiplier 
sections  of  the  high-voltage  power  supply.  Electrostatic  focusing  with 
approximately  unity  magnification  is  employed  in  each  module.  Image 
inversion,  occurring  in  each  of  the  electrostatically  focused  modules, 
is  canceled  by  image  inversion  in  the  objective  of  complete  visual 
systems.  Cascade  image-intensifier  tubes  are  generally  made  in  three 
standard  sizes:  one  with  an  18-mm  cathode,  one  with  a  25-mm  cathode, 
and  one  with  a  40-mm  cathode. 

Development  of  microchannel-plate  secondary-electron-multiplier 
arrays,  capable  of  producing  images  of  moderate  resolution,  aroused 
interest  in  the  possibility  of  a  simple,  single-stage,  high-gain 


image-intensifier  tube  replacement  of  the  three -stage,  modular,  cascade 
image  intensifler.  It  was  anticipated  that  the  microchannel  intensi¬ 
fies  would  offer  the  advantages  not  only  of  smaller  size,  lighter 
weight,  and  lower  cost  but  also  better  performance  (i.e.,  higher  tar¬ 
get  detection  probability  due  to  better  spatial  frequency  response). 
However,  performance  to  date  generally  has  been  considerably  less  than 
initially  anticipated  due  to  a  number  of  problems  peculiar  to  these 
devices  that  have  arisen  during  their  development. 
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FIGURE  4.  Schematic  Diagram  of  Modular  Cascade  Image  Intensifier 


The  microchannel -plate  image-intensifier  tube  multiplies  the 
number  rather  than  the  energy  of  photoelectrons.  It  consists  of  a 
fiberoptic  faceplate,  on  the  back  side  of  which  is  formed  a  photo¬ 
cathode,  a  microchannel-plate  secondary-electron  multiplier,  and  a 
second  fiberoptic  faceplate,  on  the  front  side  of  which  is  formed  a 
phosphor  screen  with  the  usual  aluminum  film  required  to  prevent 
light  feedback  to  the  photocathode. 

Outgassing  by  the  microchannel  plate  has  the  adverse  effect  of 
reducing  the  lifetimes  of  both  the  photocathode  emission  and  secondai 
electron  multiplication  and  yields  high  ion  noise. 
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The  failure  of  the  spatial  frequency  response , function  of  micro- 
channel-plute  image  intensifiers  to  live  up  to  earlier  expectations  is 
due  to  a  number  of  factors,  including  the  use  of  proximity  focusing 
between  the  microchannel  and  phosphor  screen,  the  relatively  high  ap¬ 
plied  potential  between  the  microchannel  plate  and  phosphor  screen  re¬ 
quired  for  efficient  electron-to-luminant-image  conversion  in  the 
phosphor,  and  the  relatively  high  transverse  energies  of  the  secondary 
electrons  emerging  from  the  channels  of  the  microchannel  plate. 

A  more  fundamental  limitation  on  frequency  response  stems  from 
the  mosaic  structure  of  the  microchannel  plate.  This  limitation  de¬ 
pends  on  the  relative  spatial  phase  of  the  regular  array  of  channels 
and  the  periodic  test  pattern  used  to  measure  the  frequency  response. 

Image  signal-to-noise  ratio  reduction  occurs  in  microchannel- 
plate  image  intensifiers  due  to  a  number  of  factors  in  addition  to 
those  common  to  all  intensifier  systems.  First,  some  of  the  photo¬ 
electric  current  generated  by  the  input  irradiance  on  the  photocathode 
is  lost  at  the  input  to  the  microchannel  plate.  Second,  the  secondary- 
electron  multiplication  process  in  the  channels  introduces  fluctuations 
in  the  number  of  output  secondary  electrons  in  the  output  pulses. 
Fluctuations  in  the  output  pulse  heights  are  due  to  fluctuations  in 
the  secondary  emission  yield,  fluctuation  in  secondary  electron  escape 
energy,  and  fluctuations  in  escape  direction. 

Other  sources  of  noise  are  local  variations  in  the  emission  prop¬ 
erties  of  channel  walls,  ionic  feedback  due  to  outgassing  from  the 
glass  surfaces,  and  electrons  either  reflected  or  emitted  from  the 
front  electrode  of  the  microchannel  plate. 

The  magnitude  of  the  signal-to-noise  ratio  reduction  in  micro- 
channel-plate  image  intern*  .fie rs  due  to  each  of  the  above  factors  is 
difficult  to  measure.  Wide  variations  are  observed  from  one  tube  to 
another.  Efforts  to  determine  the  fluctuations  in  the  electron  mul¬ 
tiplication  process  often  have  been  masked  by  the  overwhelming  effects 
of  ionic  feedback  noise.  Typical  values  of  signal-to-noise  ratio  re¬ 
duction  are  not  ye;  available. 
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Manufacturers'  performance  data  for  representative  single-stage 
and  three -stage  cascade  image -intensifier  tubes  are  presented  in  this 
report  (Part  IV,  Tables  IV-2  through  IV-10).  In  our  report,  and  in 
those  we  recommend,  performance  data,  depending  on  input  radiation, 
are  reported  in  radiometric  units.  The  use  of  photometric  units  based 
on  the  lumen,  which  by  definition  implicitly  depends  on  the  spectral 
responsivity  of  the  eye,  as  a  measure  of  input  radiation  to  a  physical 
detector  is  to  be  discouraged.  Further,  Tables  IV-2  through  IV-10 
show: 

1.  Photocathode  responsivity  specified  in  milliamperes  per  watt 
of  input  radiation  from  a  2854°K  tungsten  source. 

2.  Gain  specified  as  the  ratio  of  output  luminance  in  foot- 
lamberts  to  input  irradiation  in  watts  per  square  meter  from 
a  2854°K  source. 

3.  Equivalent  background  input  defined  as  the  irradiance  of  the 
input  face  required  from  a  2854°K  source  to  produce  an  addi¬ 
tional  output  luminance  equal  to  the  mean  background  lumi¬ 
nance  existing  when  the  primary  photocathode  is  masked. 

4.  The  modulation  transfer  function,  synonymous  with  spatial 
frequency  response  or  si:  e  -wave  response  measured  with  a 
sine-wave  test  pattern.  In  some  cases  the  available  data 
are  for  response  to  a  bar-pattern  or  square-wave  modulated 
test  pattern. 

E.  TELEVISION  CAMERA  TUBE  PERFORMANCE  AND  DATA 

New  and  different  types  of  television  camera  tubes  are  becoming 
available  at  an  ever  increasing  rate.  Vfaile  these  new  sensors  must 
inevitably  lead  to  improved  imaging  systems,  the  process  of  sensor 
selection  becomes  more  demanding  and,  should  the  traditional  methods 
of  comparative  laboratory  evaluation  be  followed,  costs  will  become 
prohibitive  to  all  but  the  largest  laboratories.  To  evaluate  a  single 
new  developmental  sensor  can  often  require  an  investment  of  tens  of 
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thousands  of  dollars  and  many  months  of  time,  and  there  is  no  assur¬ 
ance  that  the  results  of  measurements  of  a  single  sample  will  be 
representative . 

In  many  cases,  however,  the  need  for  competitive  evaluation  can 
be  greatly  reduced  by  use  of  analytical  performance  prediction  methods. 
These  methods  have  been  developed  recently  to  the  point  where  the 
computed  performance  of  a  sensor  such  as  a  television  camera  tube  is 
found  to  be  in  good,  if  not  perfect,  agreement  with  measured  capa¬ 
bility.  Indeed,  in  most  cases,  the  difference  between  computed  and 
measured  performance  is  less  than  the  expected  error  in  measurement. 
Significant  differences,  where  they  exist,  are  being  rapidly  resolved, 
but  the  results  now  being  obtained  are  quite  usable  in  their  present 
form.  This  is  particularly  true  in  making  sensor  comparisons  because, 
as  far  as  is  known,  the  calculations  do  not  significantly  favor  one 
type  of  sensor  over  any  other.  The  principal  shortcomings  of  the 
analyses  are:  (1)  they  apply  mainly  to  laboratory  test  charts  or 
patterns  which  are  one-dimensional  in  character;  (2)  the  methcds  of 
describing  image  lag  are  quite  primitive;  and  (3)  other  defects  such 
as  picture  uniformity,  graininess  and  blemishes,  which  are  sometimes 
lumped  into  an  elusive  term  called  "picture  quality,"  are  largely 
undefined.  Thus,  while  we  can  greatly  narrow  tube  selection  for  any 
application  analytically,  laboratory  evaluations  cannot  be  eliminated 
completely. 

The  most  useful  concepts  for  judging  camera-tube  quality  are  the 
signal-to-noise  ratio  at  the  input  to  a  display,  SKR^,  and  the  lag. 
Both  quantities  are  dependent  upon  signal  level.  SKR^  is  not  only 
dependent  upon  the  level  of  the  input  signal  but  is  also  very  much 
dependent  upon  the  contrast  and  the  size  (spatial  frequency)  of  the 
image  at  the  system  input. 

Thus,  one  may  very  well  choose  a  high -gain  stack  of  many  inten¬ 
sifies  followed  by  a  garden  variety  of  vidicon  if  one  is  looking  for 
a  large,  high-contrast  object  and  is  not  interested  in  surrounding 
detail  or  shape.  On  the  other  hand,  if  the  light  level  and  contrast 
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are  moderate,  an  intensifier  isocon  will  show  great  detail  that  the 
intensifier  stack  coupled  to  a  vidicon  should  never  be  expected  to 
show. 

Performance  of  camera  tubes  can  be  measured.  Actually,  computa¬ 
tions  are  probably  much  faster,  more  representative,  and  cheaper  than 
one  set  of  measurements  on,  say,  a  $25,000  low- light-level  camera 
tube  assembly,  and  there  is  alway  :  the  possibility  that  one  tube  may 
not  be  representative. 

One  should  compute  the  performance  over  the  range  of  light  levels 
and  over  the  range  of  image  sizes  for  which  a  camera  is  desired. 
Computations  for  performance  in  moving  scenes  are  less  reliable  but 
can  be  approximated. 

Basically,  the  SNR^  criterion  is  a  composite  function  that  in¬ 
cludes  sensitivity  to  light  level  (the  light  transfer  function)  and 
sensitivity  to  target  size  (the  aperture  function  or  the  modulation 
transfer  function). 

If  one  has  to  choose  one  of  several  camera  tubes  and  wishes  to 
make  a  spot  choice,  one  should  choose  some  object  size  or  size  range 
and  determine  whether  that  corresponds  to  100  television  lines  per 
picture  height,  or  10,  or  500.  For  the  frequency  of  interest,  say, 

400  lines,  one  should  determine  the  aperture  response.  This  may  be 
given  as  typically  15  percent  or*  50  percent  of  the  low-frequency 
response  (usually  assumed  100  percent).  One  should  then  find  the  light 
transfer  function  for  the  light  level  of  interest  in  nanoamperes.  The 
product  of  the  signal  current  and  the  aperture  function  for  the  light 
level  and  target  size  chosen  is  the  best  quick  approximation  to  tube 
evaluation  we  know.  To  that  evaluation  should  be  added  the  lag  data 
that  must  be  determined  from  the  signal  current.  The  choice  of  the 
weighting  factors  to  be  applied  to  good  lag  versus  good  sensitivity 
is  difficult  and  must  ultimately  be  made  on  the  basis  of  human  factors. 
Fortunately,  the  best  tubes  tend  to  be  best  in  both  respects. 

For  more  critical  work,  the  computation  of  SNR^  is  given  in  Part 
V  of  this  report.  Results  are  given  over  the  entire  span  of  useful 
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signal  currents  (and  light  levels)  and  over  a  wide  range  of  object 
sizes  (spatial  frequencies). 

This  compilation  is  probably  the  most  complete  that  is  generally 
available . 

F.  COMPARISON  OF  LOW- LIGHT- LEVEL  TELEVISION  CAMERA  TUBES 

This  report,  and  especially  the  material  in  Part  V,  deals  with  - 
the  better  tubes  but  deals  with  the  SEC  tubes  at  greater  length.  By 
far  the  greatest  number  and  the  best  in  performance  of  current  low- 
light-level  television  systems  use  SEC  camera  tubes. 

It  must  be  recognized  that  the  better  lov.  light-level  camera 
tubes  available  today  are  compromises.  The  SEC  tube_,  with  their  low- 
capacity,  high-gain  targets,  achieve  a  moderately  good  aperture  func¬ 
tion  and  a  moderately  good  sensitivity  at  low  light  levels.  The 
physical  limitations  imposed  by  the  low  capacitance  of  the  SEC  target 
and  the  broadness  of  the  reading  beam  prevent  SEC  i-ube  performance 
from  increasing  dramatically  with  increasing  light  levels. 

The  silicon-electron-bombardment  induced-response  (SEBIR)*  tubes 
are  generally  limited  by  beam  width,  beam  impedance,  and  lateral 
charge  diffusion  in  the  target  at  localized  high  light  levels  for 
bright,  small  objects  in  an  otherwise  dark  scene. 

At  low  signal  levels  the  remarkably  high  gain  of  an  intensifier 
coupled  to  a  silicon  target  tube  yields  the  best  resolution  together 
with  acceptable  lag  properties  at  low  light  levels,  and  fairly  good 
resolution  but  increasing  lag  as  the  light  levels  decrease  further. 

At  these  very  low  levels  there  may  be  applications  where  only 
very  low  resolution  is  required.  For  such  applications  gain  is  the 
principal  parameter,  and  the  modulation  transfer  function,  which  falls 


* 

Or  SiEBIR.  Also  variously  known  as  the  silicon  diode  array  storage 
tube,  the  silicon  intensifier  tube  (SIT)  (RCA),  the  electron- 
bombarded  silicon  (EBS)  tube  ( Westinghouse) ,  and  the  intensified 
diode  array  camera  (IDAC)  tube  (Army  Electronics  Command). 
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but  very  little  at  low  spatial  frequencies,  is  of  little  concern.  A 
cheap,  effective,  but  laggy  camera  for  such  very -low -level,  very-low- 
resolution  television  could  employ  a  standard  vidicon  with  three  in¬ 
tensifies  as  preamplifiers. 

At  the  extreme  low  light  levels ,  one  can  decrease  lag  by  the  use 
of  an  additional  intensifier.  This  further  reduces  resolution  but 
can  result  in  tolerable  levels  of  lag.  The  principal  disadvantage  is 
the  need  for  very  high  voltages  to  permit  the  application  of  about 
20  kv  per  intensifier,  i.e.,  about  60  kv  for  the  preamplifier  string! 

As  the  light  levels  increase,  little  improvement  occurs  in  the 
imagery  of  the  multiple-intensifier  vidicon  camera.  Though  there  is 
more  than  adequate  signal,  the  cascading  of  the  component  MTFs  is  the 
primary  limitation,  resulting  in  very  low  image  quality. 

There  is  a  trend  in  cheap  cameras  toward  the  use  of  channel- 
plate  light  amplifiers  coupled  to  vidicons.  Unfortunately,  some  de¬ 
signers  believe  that  such  cameras  will  yield  better  performance  than 
the  stack  of  three  cascaded  intensifiers  and  a  vidicon.  The  use  of 
a  channel  plate  does  make  for  much  smaller  size,  and  the  overall  lag 
of  channel  plate  plus  vidicon  is  similar  to  or  slightly  better  than 
that  of  three  cascaded  intensifiers  plus  vidicon,  but  the  cost  is 
appreciably  higher  and  the  image  quality  is  about  the  same. 

No  serious  new  designs  for  low-light-level  image  orthicon  cameras 
have  materialized  in  the  past  few  years.  The  previous  "Queen  of  the 
Studio”  has  been  replaced  by  the  Plumbicon  ®  PbO  vidicon  in  commercial 
broadcasting  and  by  the  SEC  in  airborne  low-light-level  television. 

The  offshoot  of  the  image  orthicon,  the  image  isocon,  has  re¬ 
cently  been  simplified  so  that  its  improvements  over  the  orthicon  can 
be  achieved  with  rather  simple  camera  circuitry.  Unfortunately,  the 
timing  of  the  isocon  development  was  just  too  late  for  the  commercial 
studio  market  and  too  late  for  the  rush  of  camera  designs  for  air¬ 
borne  low-light-level  applications.  Actually,  at  all  but  the  lowest 
end  of  the  light  scale,  the  ima^e  isocon,  with  one  additional  stage 
of  intensification  for  adequate  gain,  is  about  the  best  of  the  present 
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camera  tubes.  Its  excellent  electron  optics  make  possible  the  best 
aperture  function  of  any  low-light-level  tubes  for  light  levels  of, 
say,  quarter  moonlight  or  more.  At  lower  light  levels  its  perform¬ 
ance  decreases  racher  rapidly,  but  at  more  modest  levels  the  tube  can 
produce  excellent  imagery. 

All  television  camera  tubes  can  be  permanently  damaged  if  ex¬ 
posed  to  a  sufficiently  intense  source  of  illumination  for  a  long 
enough  period  of  time.  The  problem  is  particularly  severe  for  sensi¬ 
tive  low- light- level  television  camera  tubes.  The  very  bright  sources 
of  illumination  to  which  the  tubes  can  be  exposed  in  the  real  world 
represent  even  more  of  an  extreme  stress  for  them  than  for  the  less 
sensitive  conventional  pickup  tubes. 

Recent  experiments,  to  be  discussed  below,  have  explored  the 
threshold  of  permanent  burn  for  a  variety  of  low-light-level  tele¬ 
vision  camera  tubes.  The  results  of  these  experiments  lead  to  the 
following  conclusions: 

•  Despite  the  choice*of  the  most  unfavorable  operating  condi¬ 
tions  (i.e.,  the  use  of  a  fixed  photocathode  voltage  supplied 

by  a  low-impedance  source),  permanent  burn  did  not  occur 

4  10 

until  illuminations  of  10  and  10  times  higher  than  the 
normal  operating  ranges  were  reached. 

•  The  cause  of  permanent  burn  in  the  SEBIR  tube  appears  to  be 
X  rays  produced  by  the  impact  of  the  photoelectrons  on  the 
silicon  target. 

3  2 

•  For  illumination  levels  up  to  5  x  10  watts/m  ,  the  recently 
developed  burn-resistant  SEC  camera  tube  shows  a  permanent 
white  burn  threshold  similar  to  that  of  the  image  orthicon 
and  the  SEBIR  tube.  The  mesh -supported  SEC  target  is  10  to 
30  times  more  burn  resistant  than  its  predecessor. 

In  most  camera-tube  applications,  the  extreme  conditions  dis¬ 
cussed  here  will  not  be  encountered. 
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Image  devices  designed  to  operate  under  low- light-level  condi¬ 
tions  are  not,  in  general,  capable  of  imaging  points  of  high  intensity 
within  a  low-light-level  scene  without  severe  spreading  of  the  point- 
source  image  into  adjacent  areas  of  the  scene.  This  effect  is  often 
called  blooming.  Low- light- level  television  systems  in  use  today  are 
often  of  little  use  in  night  surveillance  of  objects  in  close  proximity 
to  bright  man-made  illumination  sources.  These  point  sources--grcund 
fires,  flares,  and  shipboard,  aircraft,  vehicle,  or  runway  lights-- 
often  contribute  a  larger  integrated  flux  level  at  the  sensor  than 
that  contributed  by  the  entire  remainder  of  the  scene  while  providing 
I  little  appreciable  illumination  to  the  objects  under  surveillance. 

I  The  flux  emitted  by  such  sources  is  diffused  or  spread  by  the  atmos¬ 
phere  and  the  optics.  The  resulting  photocurrent  is,  in  turn,  further 
spread  by  the  electron  optics  and  is  scattered  and  spread  at  target 
material  of  the  camera  tubes.  The  result  is  a  large  signal  spread 
over  an  area  many  times  larger  than  the  point  source,  obliterating 
detail  over  a  significant  portion  of  the  picture. 

These  effects  must  be  considered  when  tube  specifications  are 
written.  Specifications  that  define  the  ratio  of  acceptable  image 
growth  for  a  given  set  of  point-source-intensity  conditions  do  not 
adequately  reflect  the  physical  characteristics  of  the  SEBIR  camera 
tube.  The  image  diameter  for  at  least  three  signal  levels  should  be 
specified  for  a  given  input-image  size  and  intensity  several  orders 
of  magnitude  above  the  saturation  point. 

The  above  type  of  specification  may  not  be  welcomed  by  all  tube 
manufacturers.  Depending  on  his  application,  a  buyer  may  wish  to 
relax  the  specification  in  some  respects.  However,  this  kind  of 
specification*  takes  into  consideration  all  of  the  SEBIR  characteris¬ 
tics  and  leaves  no  room  for  surprises  upon  receipt  of  the  tubes.  A 
specification  of  this  kind  must  be  flexible  and  must  be  tightened  to 
reflect  improvements  in  silicon  diode  array  technology  as  they  are 
made. 


See  Part  VI  for  details. 
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G.  IMPORTANT  TUBE  PARAMETERS  AND  THEIR  SPECIFICATION 

Military  applications  of  low- light-level  television  cameras  are 
quite  different  from  the  commercial  applications  of  studio  television 
cameras  in  bright  white  light. 

A  meaningful  specification  must  state  the  performance  of  a 
camera  tube  on  tne  basis  of  signal-to-noise  ratio  at  the  display 
versus  spatial  frequency  when  the  scene  is  flooded  by  irradiance  of 
a  known  spectral  composition,  preferably  similar  to  that  in  the 
environment  in  which  the  camera  will  be  used.  It  makes  no  sense  tc 
calibrate  a  camera  under  visible  light  of  some  given  spectral  distri¬ 
bution  and  to  expect  the  same  performance  under  light  of  some  other 
distribution,  i.e.,  invisible  (covert)  irradiance. 

Furthermore,  we  have  shown  that  probability  of  detection  is 
related  to  the  signal-to-noise  ratio  a  a  function  of  spatial  frequency 
at  the  display  and  is  in  general  not  determined  by  "limiting  resolution." 

If  broadband  spectral  sensitivity  is  desired,  and  it  is  often 
useful  for  quality  control  or  rough  comparative  calculations,  one 
should  specify  the  performance  in  terms  of  a  source  of  known  distri¬ 
bution  and  bandwidth,  e.g.,  a  2854°K  source  between  0.6  and  0.95 
microns.  Such  a  specification  permits  comparison  of  tubes  in  a 
specific  region  of  special  interest. 

The  usual  figures  of  microamperes  per  lumen  used  in  commercial 
broadcast  television  specifications  do  not  offer  much  help  or  guidance 
in  evaluating  tubes  to  operate  under  natural  levels  and  distributions 
^f  light  from  the  night  sky. 

"Sensitivity"  and  "resolution"  must  not  be  quoted  as  two  inde¬ 
pendent  parameters.  Rather,  one  must  specify  SNR  (preferably  SNRp)  as 
as  function  of  resolution.  As  a  lesser  alternative,  one  could  specify 
some  other  function  such  as  resolution  versus  irradiation  at  a  spec¬ 
ified  SNR.  The  actual  data  required  are  data  of  the  form  of  Fig.  5. 

Lag  in  some  tubes  for  special  purposes  is  an  asset,  but  usually 
it  is  the  chief  demerit. 


30 


DISPLAY  SIGNAL-TO- NOISE  RATIO 
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FIGURE  5.  Comparison  of  SNR_  Versus  Resolution  for  Various  Low- Light- Level 

^  ”12 

Cameras  at  Input  Photocathode  Currents  of  10  Amp  (Curves  at 
Left)  and  10  Amp  (Curves  at  Right) 


In  addition  to  the  performance  of  the  sensor,  one  must  treat  with 
equal  care  most  of  the  same  topics  discussed  previously  plus  all  the 
additional  factors  of  a  display  that  can  seriously  degrade  image 
quality  or  perception. 

Thus,  we  must  specify  for  the  display  an  adequate  size,  bright¬ 
ness.  distortion,  dynamic  range,  and  freedom  from  banding,  line  jitter, 
crawl,  and  twinning. 

In  the  recent  past,  procurement  pressures  have  forced  the  by¬ 
passing  of  sound  engineering  specification  and  test.  Demonstration 
prototypes  are  seen  and  liked,  and  production  units  are  ordered,  often 
as  ’’Chinese  copies.”  In  a  recent  example,  the  prototype  was  assembled 
from  10  percent  and  20  percent  tolerance  components — but  these  were 
selected  and  matched  by  the  best  technicians  and  engineers  of  the 
company  in  their  model  shop. 

The  production  units  were  made  to  *he  same  drawings  but  without 
notation  about  the  selection  and  matching  of  components.  Among  other 
things,  the  bandwidth  of  the  production  units  fell  by  a  factor  of  3 
below  that  of  the  demonstration  prototype.  The  manufacturer  claimed 
truthfully  that  a  specification  for  the  selection  and  matching  of 
components  was  not  part  of  his  contract,  but  he  offered  to  include  it 
for  a  substantial  fee  and  to  correct  the  production  units  to  proto¬ 
type  performance.  Once  again,  procurement  failed  for  lack  of  the 
important  parameters. 

In  haste  for  procurement,  people  have  often  written  specifica¬ 
tions  that  they  could  easily  understand  rather  than  the  specifications 
that  would  govern  the  performance  of  the  man-machine  combination.  The 
resulting  equipment  almost  always  met  the  specifications  agreed  to  but 
performed  poorly  in  operations. 
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I .  INTRODUCTION 


by  Lucien  M.  Biberman 


A.  PURPOSE 

The  purpose  of  this  report  is  to  present  in  orderly  fashion  the 
key  factors  in  the  design,  analysis,  and  characterization  of  low- 
light-level  devices.  The  parameters  of  interest  are  those  that  have 
the  greatest  effect  on  the  transfer  of  information  from  the  scene  be¬ 
fore  the  lens  of  the  television  camera  to  the  human  looking  at  the 
picture  tube. 

That  a  good  picture  is  better  than  a  bad  picture  is  clear.  What 
has  not  been  so  clear,  even  to  the  designers  of  most  television  sys¬ 
tems,  is  how  to  decide  whether  the  picture  on  the  television  screen 
is  good  or  bad. 

Designers  of  optical  lenses  and  airborne  cameras  have  given  much 
thought  to  the  question  of  how  to  predict  whether  their  equipment  de¬ 
signs  will  permit  their  clients  to  capture  and  see  specified  graphic 
detail.  The  need  to  meet  contractual  specifications  for  camera  and 
lens  performance  has  promoted  a  sharper  understanding  of  the  lens 
quality  required  to  produce  recognizable  pictures  of  terrain  from  air¬ 
craft  or  earth  satellites.  Although  questions  of  image  quality,  sig¬ 
nal,  and  noise  are  still  argued,  the  parameters  are  now  so  well  known 
that  a  definite  range  of  performance  can  be  expected  from  photointer¬ 
preters  working  with  imagery  produced  by  lenses  and  cameras  built  to 
a  given  sot  of  hard  physical  parameters . 

Such  predictability  can  not  yet  be  ascribed  to  television  or 
other  low-ligt  -level  systems.  It  is  time  that  such  systems  be  meas¬ 
ured  quantitatively  in  terms  of  the  performance  they  can  yield  to 
human  viewers.  In  his  review  of  this  report,  Otto  Schade  points  out 
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quite  correctly  that  the  developers  of  lenses  and  films  have  accepted 
and  used  the  sine-wave  response  from  television  systems  engineering, 
whereas  the  developers  of  television  have  been  slow  to  consider  their 
images  as  two  dimensional,  like  photographs. 

This  report  expounds  the  principles  that,  the  authors  believe, 
govern  low-light -level  system  performance.  The  authors  hope  that  de¬ 
signers  will  adopt  these  principles  and  abandon  the  loose  and  useless 
ideas  underlying  the  data  that  have  so  long  been  listed  as  performance 
parameters  in  manufacturers ’  literature  and  cataloging. 

This  is  a  report  for  designers  who  care. 

B.  ORGANIZATION 

In  itemizing  and  discussing  the  principles  and  parameters  that 
govern  the  operation  of  low-light-level  devices  for  night  vision,  one 
must  consider  not  only  the  adequacy  of  sensor  parameters  but  also  the 
visual  task,  the  observer’s  platform  (including  its  speed  and  distance 
from  the  target) ,  and  the  a  priori  information  thut  the  observer  brings 
with  him  to  his  task.  Such  task-related  factors  are  in  addition  to 
the  factors  of  contrast,  motion,  clutter,  terrain  obscuration,  shadow¬ 
ing,  and  the  level  and  quality  of  irradiance  flooding  the  scene. 

Two  main  sets  of  factors  thus  govern  the  performance  or  man  and 
his  low -light -level  viewing  aids.  The  first  set  is  well  understood 
and  includes  the  physics  of  light,  optics,  solid  state  materials,  and 
engineering  approaches  to  the  design  of  photoelectronic  devices .  The 
second  set,  relating  the  human  observer  to  his  task,  is  less  well 
understood.  It  includes  subjective  matters  as  they  are  affected  by 
the  visual  task,  image  quality,  and  time. 

This  report  is  not  a  treatise  on  the  psychophysics  of  vision, 
but  it  does  attempt  to  separate  the  visual  processes  and  the  perform¬ 
ance  of  the  human  eye  from  the  physics  oi  ;mage  intensification  and 
television . 
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After  summarizing  the  early  development  of  low-light-level  de¬ 
vices,  this  Introduction  (Part  I)  briefly  reviews  some  of  the  subjec¬ 
tive  factors  in  visual  performance  that  are  of  particular  interest  to 
designers  of  devices  to  aid  man  in  detection,  recognition,  and  identi¬ 
fication.  Part  I  concludes  by  examining  specifications  for  low-light- 
level  devices . 

Part  II  discusses  criteria  i )r  image  quality. 

Part  III  examines  the  human  visual  process  and  optical  aids  to 
that  process  under  conditions  of  low  illumination. 

Part  IV  discusses  the  image  intensifier  as  a  device  to  aid  vision 
at  low  light  levels  and  lists  the  parameters  of  a  variety  of  available 
image  intensifiers. 

Part  V  introduces  television  camera  tubes  and  develops  the  con¬ 
cepts  leading  to  SNR^,  Rosell’s  signal-to-noise  ratio  at  the  display. 
It  is  SNRp.,  the  authors  believe,  that  is  the  most  powerful  means  of 
evaluating  "resolution,”  a  term  usually  used  loosely  and  incorrectly. 
In  SNRp  one  has  a  meaningful  parameter  by  which  to  judge  television 
camera  tube  performance.  This  is  substantiated  by  a  series  of  psycho¬ 
physical  experiments  reported  herein.  For  each  tube  type,  Part  V  de¬ 
velops  the  equations  to  compute  SNR^  and  then  graphically  presents 
data  for  many  useful  parameters,  including  SNR^  and  the  specialized 
"limiting  resolution"  case  of  SNRp. 

Part  VI  compares  camera  tubes  on  the  basis  of  lag  and  SNR^  and 
discusses  adverse  factors  such  as  "burning"  and  "blooming." 

•  Finally,  Part  V-II  sums  up  with  some  brief  comments  on  important 
tube  parameters  and  their  specification. 
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C.  EARLY  HISTORY  OF  THE  DEVELOPMENT  OF  LOW -LI GHT -LEVEL  TECHNOLOGY 


Low-light-level  technology  had  its  beginning  in  the  1930's  with 
the  early  concepts  of  image  intensification,  which  were  not  basically 
different  from  those  we  hold  today.  Unfortunately,  the  early  devices 
suffered  badly  from  two  major  deficiencies,  poor  „ photocathodes  and 
poor  coupling.  Between  the  low  quantum  yield  of  the  then  available 
photocathodes*  and  the  losses  in  coupling,  the  early  image  intensifier 
was  a  light  amplifier  whose  net  gain  was  less  than  one. 

The  development  of  both  cathode  and  coupling  technologies  lifted 
the  image  intensifier  from  a  not  very  practical  concept  to  the  useful 
device  it  now  is.  The  two  most  important  factors  were  the  development 
of  the  trialkali  cathode  (S-20)  and  fiber  optics  coupling. 

The  material  below  is  an  abridged  historical  review  of  intensi¬ 
fier  development  supplied  by  George  Morton. 

The  history  of  intensifiers  cannot  be  divorced 
from  the  history  of  the  signal  generating  or  camera 
tube  itself.  Interest  in  this  area  began  shortly 
after  the  formalization  of  electron  optics  in  the 
1920’s.  Much  of  this  early  work  had  as  its  ulti¬ 
mate  objective  the  application  of  electron  imaging 
to  the  problem  of  increasing  the  sensitivity  of 
television  camera  tubes.  The  first  published  ar¬ 
ticles  on  image  tubes  appeared  in  the  middle  1930’s 
and  included  papers  by  Holts,  deBoer,  Teves  and 
Veenemans  (Ref.  1),  Bruche  and  Shaffernicht  (Ref. 

2),  Zworykin  and  Morton  (Ref.  3),  Heimann  (Ref.  4), 
and  others.  The  image  tubes  described  were,  in 
general,  single  stage  converter  tubes  employing 
S-l  semitransparent  cathodes.  Their  sensitivity 
to  near  infrared  radiation  was  one  of  the  features 
of  interest  at  the  time. 

The  concept  of  image  intensification  by  cas¬ 
cading  stages  was  suggested  independently  by  a  num¬ 
ber  of  workers  in  the  field  during  the  same  period. 

It  is  impossible  to  establish  priority  for  the  idea 
at  this  date.  An  early  patent  in  this  area  was  is¬ 
sued  to  Barthelemy  and  Leithine  (Ref.  5)  (31  August 


* 

Photocathodes  will  sometimes  be  called  cathodes  in  the  remainder  of 
this  report. 
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1936).  This  type  of  device  is  also  described,  not 
as  original,  in  the  book,  ’’Electron  Optics,”  by 
L.  M.  Meyers  (1936)  (Ref.  6).  These  intensifiers 
employed  a  phosphor  screen  closely  coupled  to  a 
photocathode  as  the  two-dimensional  space  current 
amplifier.  However,  at  this  time,  the  technology 
of  photocathodes  and  phosphors  had  not  developed  to 
a  point  where  image  intensification  could  be  achieved. 
The  best  cathode  available  was  the  Ag-O-Cs  (S-l) 
photoemitter.  Even  if  all  the  electrons  from  an 
S-l  cathode  could  be  focused  into  the  most  efficient 
phosphor  of  that  period,  the  amount  of  light  gener¬ 
ated  would  be  less  than  the  light  on  that  cathode. 

During  World  War  II,  a  good  deal  of  effort  went 
into  the  development  of  image  converter  tubes  for 
infrared  imaging.  In  Great  Britain,  the  work  was 
directed  toward  proximity  focused  tubes,  while  in 
the  United  States  (Ref.  7)  and  in  Germany  (Ref.  8), 
electrostatically  focused  image  tubes  were  developed 
into  practical  production-type  devices. 

The  period  following  World  War  II  witnessed 
greatly  accelerated  research  on  image  intensifiers. 

It  was  during  this  period  that  the  cesium  antimony 
cathode  was  developed  by  P.  Goerlich  (Ref.  9). 

This,  together  with  advances  in  phosphors,  made  it 
possible  to  obtain  a  current  gain  with  the  combina¬ 
tion  of  a  fluorescent  screen  and  photocathodes. 

Work  had  begun  at  RCA  as  early  as  1941  on  investi¬ 
gating  the  current  gain  that  can  be  obtained  with 
an  intensifier  screen  consisting  of  a  thin  glass  or 
mica  supporting  membrane  coated  on  one  sidi  with  a 
phosphor  layer  and  on  the  other  with  a  photocathode. 

The  first  practical  image  intensifier  utilizing  this 
principle  was  completed  in  1949  (Ref.  10).  In  Ger¬ 
many,  a  similar  development  was  reported  in  a  re¬ 
view,  ’’The  Development  of  Infrared  Techniques  in 
Germany,”  by  Krezik  and  Vand  in  1946  (Ref.  8).  The 
exact  date  and  performance  of  this  tube  are  not 
known,  but  it  is  believed  that  it  was  built  by 
Schaffemicht. 

Image  brightness  intensification  by  fractional 
magnification  had  been  used  even  in  the  early  infra¬ 
red  image  tubes  (Ref.  7).  This  principle  was  suc¬ 
cessfully  applied  to  visible  light  image  intensifiers 
to  be  used  in  fluoroscopic  diagnosis  by  Westinghouse 
in  the  United  States  and  by  Philips  in  Holland. 

Transmission  secondary  emission  was  made  feas¬ 
ible  for  image  intensification  by  the  work  of  Sternglass 
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(Ref.  11)  at  Westinghouse  who  found  that  aluminum 
oxide  supported  potassium  chloride  layers  would 
yield  as  many  as  8  or  10  secondary  electrons  when 
bombarded  with  6-  to  8-kv  primary  electrons.  At¬ 
tempts  to  employ  such  films  in  a  multi-stage  in- 
tensifier  were  rather  unsuccessful  until  about  1959 
when  Wilcock,  at  the  Imperial  College  of  London, 
succeeded  in  building  spectacularly  successful 
tubes.  This  brought  this  form  of  intensifier  to  a 
point  where  it  was  a  fairly  serious  Competitor  for 
intensifiers  using  cascaded  phosphor-photocathode 
screens . 

A  third  type  of  intensifier  which  received  a 
small  amount  of  attention  over  most  of  this  period 
and  which  recently  has  gained  considerable  promi¬ 
nence  is  the  multichannel  secondary  emission  in¬ 
tensifier  now  usually  called  the  microchannel  plate 
intensifier.  Each  picture  element  of  this  type  of 
intensifier  is  a  minute  multi-stage  secondary  emis- 

*  sion  multiplier.  The  first  experiments  were  low- 
resolution  devices  fabricated  element  by  element 
using  tubular  multiplier  struc+  ire.  Work  along  these 
lines  was  done  at  RCA  Laborato  es,  the  Imperial 
College  of  London  (Ref.  12),  Chicago  Midway  Labora¬ 
tories  (Ref.  13)  and  other  laboratories.  This  was 
followed  by  attempts  to  use  registered  plates  of 
metal  (dynode  material)  and  insulator,  with  arrays 

of  shaped  holes,  to  give  the  dynode  geometries. 

More  recent  work  grew  out  of  that  by  the  Bendix 
Aviation  group  (Ref.  14)  in  the  late  1950's. 

Fiber  optics  is  another  development  which  has 

•  resulted  in  a  considerable  advance  in  the  intensifier 
art.  The  development  of  fiber  optics  was  contributed 
by  a  number  of  optical  companies.  The  role  played 

by  the  American  Optical  Company  was  a  major  one  in 
the  initial  stages ,  and  later  Mosaic  Fabrications 
continued  this  work. 

Fiber-optic  discs  facilitate  efficient  optical  coupling  of  in¬ 
tensifier  tubes  to  other  intensifiers  or  to  camera  tubes  and  permit 
construction  of  the  modem  modular  cascade  image  intensifiers  de¬ 
scribed  in  Ref.  15. 

The  development  of  low-light-levei  television  as  we  know  it  to¬ 
day  really  began  with  the  advent  of  the  image  orthicon  tube  in  1946. 
The  orthicon  became  the  "queen  of  the  television  studio"  and  was  uni 
versally  adopted  for  all  quality  programming.  The  usual  practice  in 
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stuoio  lighting  made  the  S-10  cathode  quite  suitable  for  orthicons 
and  thus  formed  a  basis  upon  which  later  technology  could  build. 

The  combination  of  the  spectral  response  of  the  S-10  cathodes 
used  in  most  orthicons  designed  for  commercial  television  and  studio 
lighting  gave  rise  to  an  overall  spectral  response  that  was  not  too  - 
far  different  from  that  usually  attributed  to  the  photopic  eye.  Thus, 
technicians  proceeded  to  use  visual-response  light  meters  with  tele¬ 
vision  tubes,  although  this  was  known  to  be  improper  theoretically. 

The  advent  of  better  cathodes  such  as  the  modern  S-20,  S-20VR,* 

S-25,  and  related  surfaces  has  made  such  practices  not  only  theoretically 
wrong  but  practically  inappropriate,  but  then  so  are  most  of  the  com¬ 
mercially  published  specifications. 

Manufacturers  of  television  tubes  (and  also  manufacturers  of 
photographic  films)  are  quick  to  point  out  that  they  use  data  measured 
with  visual-response  light  meters  for  their  own  purposes  in  quality 
control  and  that  it  is  net  their  fault  if  systems  people  misinterpret 
and  misuse  their  data. 

Figure  1-1,  taken  from  a  manufacturer's  pamphlet,  has  been 
crossed  out  as  a  warning  not  to  use  such  a  method  of  computation.  It 
is  wrong  and  very  misleading. 

The  nomogram  in  Fig.  1-1  has  basic  flaws  and  leads  one  accray 
for  two  reasons : 

1.  The  chart  is  based  upon  2854°K  radiation,  whereas  3000°  to  - 
5000°K  indoors  or  2000°  to  15,000°K  outdoors  (Ref.  16)  under 
conditions  of  starlight  or  north  light  in  daytime  can  very 
well  be  representative  of  usual  lighting. 

2.  The  footcandle  is  a  unit  by  which  one  judges  human  visual 
performance.  It  is  normalized  to  the  human  eye  and  IS 
INDEPENDENT  OF  SPECTRAL  DISTRIBUTION.  This  normalization 

* 

S-20VR  is  not  a  term  of  the  Joint  Electron  Device  Engineering  Council 
(JEDEC)  but  is  applied  to  the  recent  better  cathodes  by  Varo,  Inc., 
and  others. 
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FIGURE  1-1.  Camera  Tube  Data  Typical  of  Manufacturers'  Literature 
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does  not  apply  to  camera  tubes  unless  they  are  specifically 
normalized  to  the  human  visual  response  by  the  use  of  color 
filters,  and  very  few  camera  tubes  are. 

Although  the  data  in  the  nomogram  of  Fig.  1-1  are  based  on  2854°K 
radiation,  the  table  at  the  bottom,  of  the  figure  definitely  infers 
that  it  applies  to  sunlight  or  moonlight  of  a  specified  number  of 
footcandles.  THAT  INFERENCE  IS  INVALID.  Results  calculated  as  these 
were  are  erroneous.  One  of  the  purposes  of  this  report  is  to  dispel 
the  popular  misconception  that  Fig.  1-1  represents. 

Until  quite  recently,  very  little  engineering  information  on 
television  camera  tubes  was  available.  About  the  best  to  be  found 
was  in  the  data  sheets  put  out  by  General  Electric.  One  could  fird 
in  such  sheets  data  on  the  "luminous  sensitivity”  or  the  signal  cur¬ 
rent  in  amperes  per  lumen,  and  if  one  knew  that  what  was  meant  was 
not  really  a  lumen  but  rather  the  number  of  2854°K  watts  of  radiant 
power  when  an  illuminometer  registered  one  lumen,  then  one  could, 
from  the  data  shown,  on  the  relative  spectral  response,  calculate  the 
absolute  response  of  the  tube  in  question  (Refs.  17,  18).  From  that, 
one  could  then  go  on  to  calculate  such  things  as  the  limiting  resolu¬ 
tion  for  different  levels  of  light  and  for  different  spectral  distri¬ 
butions. 

Certainly,  the  above  is  far  different  from  the  process  indicated 
in  the  nomogram  of  Fig.  1-1.  After  all  these  computations,  however, 
one  would  know  only  the  limiting  resolution.  Could  one  perhaps  infer 
that  one  tube  would  produce  a  better  picture  than  another  if  its 
limiting  resolution  were  better  than  the  other’s?  For  seemingly 
identical  tubes  off  the  same  production  line  that  would  probably  be 
true,  but  for  different  types  of  tubes  that  would  be  a  dangerous, 
assumption — sometimes  true,  often  not. 

t  : 

Thus  it  is  clear  that  to  use  the  nomogram  one^itq^  know  not  only 
how  many  footcandles  are  involved  but  also  what  kind  of  footcandles 
they  are  (i.e.,  from  what  source)  and  what  kind  of  cathode  will  sense 
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them.  One  must  then  perform  all  the  necessary  numerical  integrations. 
The  footcandle  was  conceived  to  make  such  calculations  unnecessary  in 
visual  proDlems  and  to  make  the  eye  independent  of  the  spectral  com¬ 
position  of  the  illumination  when  measured  in  footcandles.  The  foot- 
candle  obviously  does  not  fit  television  sensors.  THE  FOOTCANDLE 
SHOULD  NOT  BE  USED  IN  SPECIFICATIONS  OR  COMPUTATIONS  FOR  THE  DESIGN 
OR  EVALUATION  OF  LOW-LIGHT -LEVEL  DEVICES. 

Figures  1-1  and  1-2  illustrate  camera  tube  specifications  of  a 
reputable  manufacturer.  To  the  uninitiated  they  look  technical,  logi¬ 
cal,  and  factual.  The  fact  that  they  do  not  enable  one  to  compute  the 
probability  of  seeing  a  target  (or  even  a  bar  chart)  has  not  yet  stopped 
the  use  of  such  inappropriate  data  as  a  basis  for  procurement. 

The  nomograph  in  Fig.  1-1  is  in  fact  erroneous  and  misleading  be¬ 
cause  it  allows  one  to  use  scene  illumination  without  regard  to  color 
or  color  temperature,  i.e.,  spectral  distributions.  The  rest  of  the 
data,  while  factual,  is  logical  and  useful  only  to  the  tube  manufacturer 
not  to  the  user. 

In  the  preceding  material,  the  inference  is  that  manuf acturers 
do  not  know  better  than  to  use  footcandles  and  other  photometric  terms 
in  describing  electrooptical  device  performance.  Though  this  may  be 
partially  true,  it  was  encouraged  by  early  military  requests  for  com¬ 
parisons  to  be  made  against  unaided  visual  performance.  The  question 
was  usually  asked,  "How  well  can  I  see  with  my  eyes  in  varying  degrees 
of  darkness,  and  how  well  can  your  low-light-level  television  see?" 

Thus,  the  darkness  was  measured  with  a  photometer  to  gdve  a  subjective 
measure,  and  this  was  propagated  into  military  practice. 

This  history  does  not  justify  the  present  situation  but  does 
explain  why  it  is  difficult  to  eradicate  or  change.  One  should  ask 
the  same  procurement  or  specification  people  how  they  specify  the 
sensitivity  of  infrared  mapping  equipment,  a  FLIR,  or  a  radar  receiver — 
in  lumens  or  watts?  Low-light-level  devices  are  primarily  near- 
infrared  devices — visual  units  and  measures  do  not  apply. 


LIMITING  RESOLUTION  IN  TV  LINES  PER  iARGET  INCH 


LIGHT  TRANSFER  CHARACTERISTICS 


10  *  10  -  10  10  ^  10  ' 
HIGHLIGHT  ILLUMINATION  ON  PHOTOCATHODE,  lool-condlei 


INTEGRATION  EFFECT  ON  RESOLUTION  5ENSITIVI7Y 
TYPES  7538,  740v,  79?9,  7807 


t  LINE SAARGET  INCH  100 

2  I - 1  II  I  MINT 


200  300  400  500  600  700 


PHOTOCATHODE  ILLUMINATION,  foot-candlei 


TYPICAL  SIGNALNOISE  CHARACTERISTICS 
VERSUS  &ANDWIDTH  AND  ILLUMINATION 


AREA  HIGHLIGHT  IX 
Of  NORMAL  SCAN 
AREA 


FTiP 

-■  44-  +4 

tI 


mi 

Ft 


10  10 

HIGHLIGHT  ILLUMINATION  ON  PHOTOCATHODE,  foo»-condle. 


INTEGRATION  EFFECT  ON  RESOLUTION  SENSITIVITY 
TYPES  7967  7806 

100  200  300  400  500  600  700  TV  L1NE5/TARGET  INCH 


— 

Tfl 

jTr^T! 

1  v  Mi 

PHOTOCATHODE  ILLUMINATION, 


10  * 

fool-condl*i 


EFFECT  OF  CONTRAST  RATIO  ON  RESOLUTION  SENSITIVITY  PHOTOCATHODE  SPECTRAL  RESPONSE  CHARACTERISTICS 


ULTRA  VIOLET  GREEN  RED  INFRA 
VIOLET  8lUE  YELLOW  rep 


FIGURE  1-2.  Camera  Tube  Data  Typical  of  Manufacturers1  Literature 


47 


D.  CRITERIA  FOR  SYSTEM  QUALITY 


There  are  currently  three  important  classes  of  high -re solution 
night  sensors: 

,  1.  Forward-looking  infrared  (FLIR) 

2,  Direct-view  image  intensifies 
.  3.  Low-light -level  television  (LLLTV) 

Normally  FLIR  and  LLLTV  devices  use  a  picture  tube  display,  while  the 
direct-view  image  intensifier  devices  use  an  eyepiece  focused  on  the 
intensifier  phosphor. 

Systems  of  all  three  classes,  but  principally  FLIR  and  LLLTV 
systems,  suffer  from  the  lack  of  a  suitable  output  or  display.  This 
problem  is  most  severe  for  FLIR  and  LLLTV  systems  for  two  main  reasons: 

1.  In  many  applications,  it  is  difficult  to  find  room  for  a 
display  tube  of  adequate  size,  so  that  often  the  performance 
of  the  entire  sensor  system  is  compromised  because  its  dis¬ 
play  tuDe  presents  a  picture  too  small  to  permit  visibility 
of  the  detail  that  is  present.  The  directly  viewed  image  in¬ 
tensifier  device  presents  a  "virtual”  image  that  appears 
large  and  thus  permits  detail  present  on  the  phosphor  to  be 
seen  by  the  observer. 

2.  The  television  raster,  with  its  line  structure,  tends  to 
bother  the  observer  vdien  he  is  looking  for  details  that  ap¬ 
proximate  the  dimensions  of  the  raster  structure.  Directly 
viewed  devices  do  not  generate  rasters,  and  the  corresponding 
problem  due  to  the  fiber  optics  pattern  or  phosphor  grain 
does  not  occur  until  much  higher  levels  of  spatial  frequency 
(resolution)  are  considered. 

Images  of  rectangular  objects  parallel  to  the  raster  lines  tend 
to  loose  their  horizontal  boundaries  (but  not  their  vertical  boundaries) 
because  they  blend  with  the  raster  lines.  Ohmart  (Ref.  19)  has  shown 
that  this  effect  increases  the  required  search  time  for  such  objects 
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by  a  very  significant  amount.  The  general  case  of  image  reproduction 
by  a  line  raster  process  is  discussed  in  the  second  article  in  Part  II. 

The  problem  of  display  size  has  long  been  understood.  Steedman 
and  Baker  (Ref.  20)  analyzed  it  long  ago,  but  their  work  has  been 
ignored  because  their  data  complicate  the  problem  of  systems  design. 
More  of  the  early  airborne  systems  were  deficient  because  of  inade¬ 
quate  display  size  than  for  almost  any  other  reason. 

One  early  LLLTV  device  for  a  helicopter  was  judged  to  have  resolu¬ 
tion  too  poor  for  operational  use.  That  was  true,  but  the  deficiency 
was  due  neither  to  the  camera  nor  to  the  display.  Tne  8 -in.  display 
was  good  enough  and  big  enough  for  the  quality  of  the  camera  used.  To 
maintain  the  status  quo  in  the  cockpit,  however,  the  display  had  been 
mounted  on  the  deck  next  to  the  pilot's  left  ankle.  At  that  distance, 
the  television  screen,  as  seen  by  the  pilot's  eyes,  had  insufficient 
resolution.  An  eyepiece  focused  on  a  1-in.  display  tube  would  have 
given  the  pilot  an  apparent  image  about  20  in.  in  diameter  and  about 
20  in.  away— an  image  about  ten  times  as  large.  Thus,  the  pilot 
would  have  had  a  tenfold  improvement  in  his  visual  ability. 

But  eyepieces — even  those  with  rubber  eye  cups  and  forehead 
braces — are  less  than  enthusiastically  received  by  aircrews.  Thus 
one  gets  good  display  quality  with  uncomfortable  and  unloved  eyepieces, 
or  one  gets  compact  display  tubes  that  are  far  too  small  to  permit 
recognition  of  the  detail  that  the  sensors  are  designed  to  produce. 

As  a  result,  there  are  some  fine  systems  under  design  or  in  production 
that  overmatch  the  human  eye  by  factors  of  4  to  10,  That  is,  the  de¬ 
tail  displayed  by  the  sensor  is  of  good  quality,  but  a  magnifying 
glass  of  4  to  10  power  is  required  to  enable  an  airborne  observer  to 
see  it. 

This  topic  has  been  treated  by  many  authors  (Refs.  21-26),  in¬ 
cluding  th~  present  one,  with  but  little  effect  upon  those  project 
officers  who  try  to  replace  an  existing  radarscope  with  a  universal 
display  tube  to  provide  a  multisensor  display.  The  usual  result  of 
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such  attempts  is  not  a  multipurpose  display  but  a  fractionally  effec¬ 
tive  display  connected  to  multiple  sensors  in  a  manner  that  degrades 
imago  quality  to  a  level  of  near  uselessness.  Moreover,  there  is 
little  understanding  of  the  image  quality  needed  to  perform  the  func¬ 
tions  of  search,  detection,  identification,  and  recognition.  It  is 
upon  such  image  quality  that  design  specifications  should  be  based. 

John  Johnson,  of  the  Night  Vision  Laboratories ,  did  research  on 
image  quality  and  published  his  findings  in  a  1958  report  (Ref.  27) 
that  is  used  as  the  present-day  Bible  on  the  subject.  Unfortunately, 
the  important  diagrams  and  tables  in  Johnson's  report  are  separated 
from  the  explanatory  text.  Thus,  where  the  text  states  that  "for  a 
target  to  be  recognizable,  there  must  be  system  'resolution'  suffi¬ 
cient  to  place  4.0  ±  0.8  line  pairs*  across  the  critical  dimension  of 
that  target,"  the  related  table  and  diagram  show  "resolution  across 
minimum  dimension"  and  make  no  reference  to  "line  pairs,"  which  is 
the  universal  standard  of  resolution  terminology  EXCEPT  in  the  tele¬ 
vision  industry,  which  talks  about  "TV  lines."*  Further,  Johnson  as¬ 
sumes  a  knowledgeable  readership  and  so  does  not  explain  the  implicit 
relationships  between  resolution  and  contrast. 

As  a  result,  designers  commonly  misuse  Johnson's  data,  referring 
to  "lines  on  target"  instead  of  line  pairs  in  the  minimum  dimension  at 
a  contrast  considerably  above  liminal.  This  confusion  of  "line  pairs" 
with  "TV  lines"  often  results  in  systems  that  are  underdesigned  or 
underspecified  by  a  factor  of  2.  Confusion  of  "lines  on  target"  with 
"line  pairs  per  minimum  dimension"  leads  not  only  to  the  line-pair 
error  but  also  to  neglect  of  the  length -to -width  ratio  of  typic. 1  tar¬ 
gets.**  These  two  errors  result  in  a  typical  underdesign  factor  of  4. 
Further,  specification  and  acceptance  procedures  are  so  inappropriate 
and  so  casual  that  there  is  little  reason  to  believe  that  the  image 

* 

One  line  pair  equals  two  "TV  lines."  For  further  discussion  of 
image  quality  see  Part  II. 

** 

mhe  similarities  and  differences  between  the  detection  of  single 
isolated  signals  and  the  detection  of  periodic  signals  (e.g*. ,  bar 
targets)  are  treated  in  detail  in  Section  V-A. 


quality  the  cortracting  officer  thinks  he  has  specified  will  ever 
emerge. 

The  preparation  of  formal  specif a  r.tions  must  be  based  upon  a 
sound  understanding  of  principles  of  operation  and  of  the  principal 
parameters  that  govern  performance.  This  report  attempts  to  give  the 
reader  that  understanding.  Specification  and  acceptance  test  proce¬ 
dures  for  low- light -level  devices  are  covered  quite  fully  in  Ref.  15, 
and  that  coverage  will  not  be  duplicated  here. 

Corresponding  material  on  FLIR  has  been  published  as  IDA  Paper 
P-676. 

A  committee  has  at  last  been  set  up  at  the  Air  Force  Avionics 
Laboratory  (AFAL),  Wright -Patterson  Air  Force  Base,  to  see  that,  be¬ 
ginning  in  FY  1970,  procurements  originating  at  AFAL  provide  meaningful 
specifications  in  accordance  with  at  least  these  four  guidelines: 

1.  Input  flux  level  will  be  defined  radiometrically  and  spatially. 

2.  Output  flux  level  will  be  defined  photometrically  and 
spatially. 

3.  Specification  will  call  for  output/input  functions  rather 
than  single -number  designators. 

4.  Specifications  will  call  for  signai-to-noise  performance 

.  functions  at  input,  output,  and  various  pertinent  points  in 
between. 

The  really  big  procurements  come;  not  from  R&D  organizations  such  as 
AFAL,  however,  but  from  system  engineering  groups  or  special  project 
offices  that  have  not  heard  about  these  guidelines  or  may  not  have 
understood  their  significance. 

As  a  case  in  point,  present  understanding  of  the  FLIR  (and  LLLTV) 
problem  is  well  documented  in  a  pair  of  papers  presented  in  May  1969 
at  the  17th  National  Infrared  Information  Symposium  (IRIS)  by  John  M. 
Lloyd  and  Robert  Sendall  (Refs.  28,  29),  who  were  largely  responsible 
for  getting  the  Army’s  Passive  Infrared  Night  Equipment  (PINE)  speci¬ 
fication  written  in  accordance  with  the  above  guidelines.  Further 
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work  by  Lloyd  and  Joseph  R.  Moulton  (Refs.  30,  31)  was  presented  at  the 
18th  National  IRIS  in  May  1970.  Sendall,  Moulton,  and  Lloyd  have  at¬ 
tempted  to  relate  specifications  to  those  factors  demonstrated  to  be 
important  to  man’s  visual  performance,  such  as  tae  area  between  the 
modulation  transfer  function  (MT.F)  of  the  equipment  and  the  demand 
modulation  function  (DMF)  of  the  observer,  to  be  discussed  in  Part  II 
of  this  report. 

As  a  further  example  of  such  factors,  other  studies  reported 
elsewhere*  conclude  that  the  curve  of  probability  versus  range  for  the 
detection  of  targets  at  a  known  location  is  independent  of  the  speed 
at  which  the  observer  approaches  the  target.  Under  such  conditions, 
the  probability  ^ata  indicate  that  the  observer  will  see  the  target 
just  as  soon  as  the  target  image  size  and  brightness  are  sufficient 
to  fulfill  the  observer's  acuity  requirements.  There  is  essentially 
no  delay  for  search,  as  the  observer  has  narrowed  his  attention  to 
that  specific  place  where  the  target  will  appear.  Data  indicate  that 
this  independence  of  closing  rate  applies  from  rates  of  zero  to  at 
least  350  knots. 

When  the  observer  does  not  know  where  to  expect  targets,  the 
range  is  shortened  by  the  product  of  the  observer's  search  function 
time  and  his  approach  velocity.  For  example,  the  search  of  a  display 
for  high-contrast  objects  subtending  about  15  minutes  of  arc  is  about 
10  sec  for  about  50  percent  probability.  Thus,  in  an  aircraft  moving 
at  500  ft/sec,  the  ability  to  find  a  target  in  a  unknown  location  at 
a  distance  of  2  miles  is  reduced  to  half  that  range,  or  1  mile,  due 
to  the  time  expended  in  search. 

The  quality  of  the  camera  little  affects  this  kind  of  range  de¬ 
gradation.  For  a  system  of  poor  image  quality,  however,  the  already 
poor  range  performance  can  become  useless  or  nearly  useless  in  fast- 
aircraft  search  tasks. 


* 

In  IDA  Study  S-346  (classified),  Vol.  II,  Appendix  D,  p.  69, 
December  1969. 
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The  relationship  between  an  observer's  performance  and  the  per¬ 
formance  of  the  image-forming  system  he  is  using  is  expressed  by  the 
difference  between  the  MTF  of  the  equipment  and  the  DMF  of  the  ob¬ 
server,  as  mentioned  earlier.  The  DMF*  is  not  very  well  know  except 
for  a  few  isolated  tasks  such  as  recognition  of  standard  US?  three - 
bar  test  target  patterns. 

Tests  in  which  targets  are  immersed  in  varying  degrees  of  clutter 
indicate  that  the  search  function  takes  so  long  that  the  observer  has 
closed  to  such  a  short  range  before  he  detects  the  target  that  he  de¬ 
tects  it  and  recognizes  it  simultaneously.  In  fact,  under  some  con¬ 
ditions,  detection,  recognition,  and  identification  occur  almost  simul¬ 
taneously. 

The  proper  design  of  low-light-level  devices  starts,  therefore, 
with  an  understanding  of  the  difficulty  of  the  visual  task  and  thus 
with  an  understanding  of  the  form  of  the  DMF.  The  MTF  of  the  system 
or,  more  important,  the  signal-to-noise  ratio  versus  spatial  frequency 
must  then  be  matched  to  that  demand  curve  to  ensure,  at  least  theo¬ 
retically,  before  detailed  design  begins,  that  a  real  and  useful  de¬ 
vice  can  be  produced.  Had  this  process  been  carried  out  in  the  past, 
it  is  quite  probable  that  the  vast  majority  of  low-light -level  systems 
designed  to  meet  specific  requirements  would  have  been  recognized  as 
'‘inadequate  before  they  became  hardware. 

The  form  and  performance  of  such  devices  are  closely  related  to 
the  application,  that  is,  to  the  character  of  the  scene — its  spectral 
composition,  contrast,  and  radiance — to  the  difficulty  and  the  degree 
of  detail  in  the  visual  task  to  be  performed,  and  to  the  required 
speed  of  performance.  The  time  the  observer  has  in  which  to  make  his 
observation  and  the  detail  required  in  his  observation  are  factors 
usually  overlooked  in  discussing  the  capabilities  of  these  devides. 


☆ 

Sometimes  called  the  aerial  image  modulation  (AIM)  curve. 
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Because  of  neglect  of  such  factors,  many  attempts  have  been  made 
to  use  for  technical  or  military  purposes  an  inappropriate  family  of 
parameters  that  have  gained  acceptance  in  entertainment  television. 
These  attempts  have  led  to  gross  misestimates  of  system  capability. 
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II .  IMT.S5  QUALITY 


Here  in  Part  II  we  discuss  the  performance  of  low -light -level  devices.  The 
ultimate  measure  of  their  performance  is  how  well  people  perform  visual  tasks  with 
the  assistance  of  these  devices. 

'  Actually,  low -light -level  devices  can  be  classified  according  to  the  form  of 
the  imagery.  Image  intensifiers  produce  images  that  are  like  photographs  in  their 
continuity  along  both  the  vertical  and  horizontal  axes.  Television  devices  sample 
the  imagery  and  present  it  in  sequential  lines  written  at  very  high  speed  by  a  single 
tiny,  moving  spot,  relying  upon  the  persistence  of  the  phosphor  and  the  human  eye 
to  integrate  the  flying  spot  into  an  image.  Forward-looking  infrared  imaging  devices 
sample  in  two  dimensions  and  use  the  flying  spot  to  paint  a  series  of  dots  of  varying 
brightness  that,  again,  are  integrated  by  the  eye  into  a  picture. 

The  problems  of  sampling*  strongly  affect  system  design  and  the  human 
perception  process. 

In  the  first  of  the  following  two  articles,  Harry  Snyder  examines  the  relation¬ 
ship  between  image  quality  in  nonsampled  image  systems  and  human  operator  per¬ 
formance.  In  the  second  article.  Otto  Schade  discusses  the  process  of  image  forma¬ 
tion  by  a  raster  (sampling)  process. 

This  material  is  in  turn  followed  by  a  detailed  description  of  nonsampling 
low -light -level  devices  ir.  Parts  III  and  IV  and  then  by  a  description  of  raster¬ 
forming  devices  in  Part  V. 

institute  for  Defense  Analyses,  Selected  Papers  on  Image  Quality  in 
Sampled  Data  Systems,  IDA  Paper  P-741,  Lucien  M.  Biberinan  et  al. , 
in  publication. 
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Preceding  pag^blank 


PHOTOGRAPHIC  IMAGE  QUALITY  AND  OPERATOR  PERFORMANCE 
by  Harry  L.  Snyder 


A.  INTRODUCTION 

The  purpose  of  this  section  is  to  describe  the  present  state  of 
knowledge  about  the  ability  of  a  trained  observer  to  obtain  target- 
relevant  information  from  an  imaging  system  display and  to  relate  this 
information-extraction  performance  t'-'  design  characteristics  of  the 
imaging  system.  Unfortunately,  as  shall  be  noted  below,  the  research 
pertaining  to  this  relationship  for  low-light -level  systems  is  somewhat 
ambiguous,  and  one  must  rely  upon  the  related  definitive  data  from  the 
imagery  developed  by  hard-copy  photographic  systems  and  then  develop  an 
analytical  generalization  to  raster-scan  systems. 

During  the  past  two  decades,  over  300  laboratory  and  analytical 
studies  have  been  performed  to  assess  the  relationship  between  varia¬ 
tion  in  line-scan  display  image  parameters  and  observer  performance. 
Concl  isions  drawn  from  critical  reviews  of  these  studies  (e.g.,  Refs. 
1-4)  have  indicated  that  cross -study  comparisons  are  virtually  impos¬ 
sible.  Variation  in  specific  system  design  parameters,  or  in  the 
manner  by  which  display  image  quality  is  synthetically  manipulated, 
is  often  incompletely  controlled,  so  that  concomitant  variation  in 
the  several  contributing  sources  of  image  quality  results.  Table  II-l 
lists  some  of  the  experimental  variables  which  have  been  shown  to  have 
a  significant  effect  upon  operator  information-extraction  (e.g.,  tar¬ 
get  -acquisition)  performance.  It  should  be  noted  that  individual  ex¬ 
periments  have  tended  to  examine  the  effects  of  one,  two,  and  some¬ 
times  three  such  variables.  However,  due  to  the  inherent  interaction 
(nonindependence)  among  these  variables  in  their  effects  upon  operator 
performance,  quantitative  combination  of  the  results  is  hazardous  even 
in  the  presence  of  good  experimental  control  and  measurement.  In  the 
absence  of  such  control,  any  a  posteriori  attempt  to  combine  the  re¬ 
sults  is  merely  foolish. 
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Preceding  page  blank 


TABLE  II-l.  SOME  OF  THE  VARIABLES  AFFECTING  INFORMATION 
EXTRACTION  PERFORMANCE 


Atmosphere 


Scene 


Aerosol  Content 
Cloud  Cover 
Illumination  Level 

Sensor 


Bandwidth 

Number  of  Scan  Lines 
Field  of  View 
Field/Frame  Rate 
Aspect  Ratio 
S/N  Level 
Integration  Time 

Image  Processing 

Edge  Enhancement 
Gamma 

Spatial  Filtering 


Target  Characteristics 
Background  Characteristics 
Terrain  Masking 
Clutter  Level 

Display 


Luminance 

Size 

Number  of  Scan  Lines 

Contrast 

Scene  Movement 

Dynamic  Range 

Gamma 

S/N  Level 

Aspect  Ratio 


Because  of  these  gross  conflicts  and  inconsistencies  in  the  ex¬ 
perimental  literature  dealing  with  the  effects  of  individual  system 
parameters,  recent  efforts  have  been  oriented  toward  the  development 
of  (1)  analytical  expressions  of  overall  image  quality,  such  as  those 
discussed  in  Part  V  of  this  volume,  and  (2)  experimental  evaluations 
of  logically  derived  summary  measures  of  image  quality.  The  remainder 
of  Part  II  will  discuss  the  present  content  and  limitations  of  data 
pertaining  to  summary  measures  of  image  quality  and  operator  perform¬ 
ance. 

B.  MODULATION  TRANSFER  FUNCTION  AREA  (MTFA) 

Any  summary  measure  of  image  quality,  to  be  useful,  must  be  (1) 
easily  measured  for  existing  imaging  systems,  (2)  quantitatively  pre¬ 
dictable,  analytically,  for  future  imaging  systems  at  the  paper  de¬ 
sign  stage,  and  (3)  highly  correlated  with  (or  validated  by)  empirically 
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determined  operator  performance  under  the  operational  conditions  of 
interest  for  the  specified  mission.  To  date,  the  summary  measure  of 
image  quality  which  shows  the  greatest  promise  for  meeting  these 
criteria  is  the  modulation  transfer  function  area  (MTFA). 

Originally  proposed  by  Charman  and  Olin  (Ref.  5),  who  termed  it 
the  threshold  quality  factor,  and  renamed  by  Borough  et  al.  (Ref.  6), 
the  MTFA  concept  has  been  evaluated  in  two  experimental  situations  and 
demonstrated  to  relate  strongly  to  the  ability  of  image  interpreters 
to  obtain  critical  information  from  reconnaissance  photographic  im¬ 
agery.  In  its  original  form,  the  MTFA  was  proposed  as  a  unitary  meas¬ 
ure  of  photographic  image  quality  which  contains  "the  cumulative  ef¬ 
fect  of  the  various  stages  of  the  atmosphere-camera-emulsion-development- 
observation  process,  the  ’noise’  introduced  in  the  perceived  image  by 
photographic  grain,  and  the  limitations  imposed  by  the  physiological 
and  psychological  systems  of  the  observer”  (Ref.  5,  p.  385).  Whi]'' 
this  measure  was  originally  developed  for  direct  photographic  system.;, 
its  generalization  to  electrooptical  sys  ems  is  analytically  straight¬ 
forward  . 

The  MTFA  is  derived  in  such  a  manner  as  to  make  use  of  the  modu¬ 
lation  transfer  function  (MTF)  of  the  imaging  system,  thereby  retain¬ 
ing  the  analytical  convenience  of  component  analysis  based  upon  sine- 
wave  response  characteristics.  In  addition,  it  attempts  to  take  into 
account  other  variables  critical  to  the  imaging  and  interpreting  prob¬ 
lem,  such  as  exposure,  the  characteristic  curve,  granularity,  the 
human  observer  capabilities  ar.J  limitations,  and  the  nature  of  the 
interpretation  task.  For  the  electrooptical  system,  the  first  three 
of  these  variables  can  be  considered  analogous  to  detector  irradiance 
level,  gamma  (typically  unity),  and  noise,  respectively. 

Figure  II -1  shows  that  the  MTFA  is  the  area  bounded  by  the  imaging 
system  MTF  curve  and  the  detection  threshold  curve  of  the  total  system, 
including  the  eye.  The  MTF  curve  for  the  imaging  system  is  obtained 
in  the  conventional  manner,  while  the  detection  threshold  curve  requires 
several  assumptions  regarding  the  human  operator.  Specifically,  it  is 
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assumed  that  the  viewing  conditions  are  optimum,  and  that  threshold 
detection  of  any  target  in  the  imaged  display  is  a  function  of  the 
target  image  contrast  modulation,  the  noise  in  the  observer  visual 
system,  and  the  noise  in  the  imaging  system  exclusive  of  the  observer. 
It  should  be  noted  that  the  crossover  of  the  two  curves  in  Fig.  II-l 
represents  the  limiting  resolution  of  the  system  for  a  sine-wave  tar¬ 
get. 


SPATIAL  FREQUENCY  v,  lin.v'mm  ■  » 

FIGURE  ll-l .  Modulation  Transfer  Function  Area  (MtFA) 


At  low  spatial  frequencies,  the  threshold  detection  curve  is 
dependent  upon  the  properties  of  the  human  visual  system,  as  shown  in 
Fig.  II-2.  At  higher  spatial  frequencies,  the  effect  of  imaging  sys¬ 
tem  noise  becomes  important.  For  the  photographic  case,  this  imaging 
system  noise  is  equivalent  to  granularity.  It  is  assumed  further  that 
the  eye's  contrast  threshold  is  0.04,  so  that  this  target  image  con¬ 
trast  modulation  must  be  realized  at  the  display  for  the  target  to  be 
detected,  regardless  of  the  contrast  modulation  of  the  target  object. 
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FIGURE  11-2.  Generalized  Detection  Threshold 

Figure  II-2  illustrates  the  normalized  detection  threshold  curve, 

which  must  be  adjusted  both  vertically  and  horizontally  for  a  specific 

set  of  conditions.  First,  the  curve  is  positioned  vertically  by  in- 

Mt(  v) 

creasing  the  normalized  ordinate  scale  by  — — ,  where  Mt( v)  is  the 

normalized  value  as  shown  in  Fig.  II-2  and  MQ°is  the  object  contrast 

modulation.  Note  that  the  lower  portion  of  the  threshold  curve  (at 

the  lower  spatial  frequencies)  is  also  adjusted  by  the  system  gamma, 

which,  if  greater  than  unity,  enhances  the  modulation  recorded  at  the 

display  (e.g.,  the  film)  so  that  the  minimum  detectable  threshold 

modulation  decreases  by  . 

Y 

Next,  the  detection  threshold  curve  is  positioned  horizontally  by 
multiplying  the  scale  of  the  abscissa  in  Fig.  II-2  by  py>  where  C 
is  an  empirically  derived  constant  [0.03  f?r  fine-grained  films  and 
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0.04  for  coarser  grained  films  (Ref.  7)]  and  cr(D)  is  equal  to  the  rms 
granularity  measured  with  a  24-micron  scanning  aperture,  as  used  in 
the  Kodak  handbooks. 

Algebraically,  the  detection  threshold  curve  for  a  photographic 
system  is  therefore  (Ref.  5): 


Mt(v)  =  0-034 .[anijjj-Ey]'  [' 


0.033  +  o(D)2v2S2 


- 1/2 


in  which 

1  _i  ,  • 

v  =  any  spatial  frequency,  in  lines  per  millimeter 
0.034  =  an  empirically  derived  constant’ 

D  =  mean  film  density 
E  =  exposure 

0.033  =  an  empirically  derived  constant* 

o(D)  =  rms  granularity  for  a  24  n  scanning  aperture 

S  =  signal-to-noise  ratio  necessary  for  threshold  view¬ 
ing,  assumed  to  be  about  4.5  (Ref.  14). 

v\  ~  filro  characteristic  slope,  including  effects  of 
auog10b;  development 


When  the  MTF  curve  and  the  detection  threshold  curve  are  plotted 
on  log-log  coordinates  (Ref.  6),  the  expression  for  the  MTF A  becomes: 


flaq  \  /  \  fL°g  ^  /  Mt(  v)\ 

=  J  ^log  Tvjd  log  v  -  J  (log  - Id  lo 

log  v_  log  v  0  ' 


•log 


MTF A  (log-log) 


/•log  ^  /  M  T  \ 

=  I  I10" 

log  v 


d  log  v 


For  derivation,  see  Charman  and  Olin  (Ref.  5).  Generation  of  these 
values  is  considered  unimportant  in  the  present  context. 
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where 


vQ  =  the  low  spatial  frequency  limit,  in  lines/millimeter 

=  the  spatial  frequency  at  which  the  MTF  curve  crosses  the 
detection  threshold  curve  (limiting  resolution) 

=  the  MTF  value  at  spatial  frequency  v 

Mq  =  the  object  contrast  modulation  'v 

M^C  v)  =  the  normalized  detection  threshold  curve  value,  as  taken 
from  Fig.  II-2. 

When  the  MTF  curve  and  the  detection  threshold  curve  are  plotted 
on  linear  coordinates,  the  area  of  interest  is  given  by  (Ref.  6): 


MTFA  (linear)  = 


Mt(v>\ 

~Hr_/dv‘ 


The  linear  form  computation  utilizes  no  lower  frequency  cutoff, 
whereas  the  log-log  formulation  employs  an  arbitrary  cutoff  at,  say, 
10  lines/millimeter.  The  reason  for  this  difference  is  simply  that 
the  log-log  plot  integration  would  place  an  inappropriately  large 
weight  upon  integration  over  the  lower  spatial  frequencies  were  this 
cutoff  eliminated.  The  nature  of  the  linear  plot  avoids  the  need  for 
such  an  arbitrary  cutoff. 

it  might  also  be  noted,  parenthetically,  that  the  detection 
threshold  curve,  as  described  here,  is  akin  to  such  concepts  as  con¬ 
trast  sensitivity  (Ref.  8),  sine-wave  response  (Refs.  9-11),  and  de¬ 
mand  modulation  function  (DMF). 

C.  EVALUATION  OF  THE  MTFA 

To  date,  two  empirical  evaluations  of  the  MTFA  concept  have  been 
conducted,  both  using  photographic  imagery.  In  the  first  study  (Ref. 
6),  an  attempt  was  made  to  relate  MTFA  to  subjective  estimates  of 
image  quality  obtained  from  a  large  number  of  trained  image  inter¬ 
preters.  In  the  second  of  these  experiments,  actual  information- 
extraction  performance  data  were  obtained,  as  well  as  subjective 


69 


estimates  of  image  quality,  and  both  measures  were  compared  with  the 
MTFA  values  of  the  imagery.  Schematically,  these  relationships  can  be 
thought  of  as  those  depicted  in  Fig.  II-3.  While  it  is  desirable  from 
an  operational  viewpoint  to  have  a  quick  judgment  of  subjective  image 
quality  to  serve  as  an  indicant  of  the  quality  of  any  source  of  im¬ 
agery  for,  say,  rapid  screening  purposes,  the  critical  measure  of 
goodness  of  any  imaging  system  is  the  ability  of  the  observer  to  per¬ 
form  the  required  information-extraction  tasks. 


FIGURE  11-3.  Indices  of  Image  Qualify 


In  the  first  study  to  evaluate  MTFA,  the  purpose  was  to  determine 
whether  a  strong  relationship  existed  between  MTFA  and  subjective  image 
quality.  This  limited  evaluation  was  imposed  simply  to  reduce  data 
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collection  costs  in  the  event  that  the  MTFA  measure  proved  fruitless. 

In  this  experiment  performed  by  Borough  et  al.  (Ref.  6),  nine  photo¬ 
graphic  reconnaissance  negatives  were  used  as  the  basis  for  laboratory- 
controlleci  manipulation  of  image  quality.  Each  of  the  scenes  was 
printed  in  32  different  MTFA  variants,  determined  by  four  different 
MTF's,  three  levels  of  granularity,  and  three  levels  of  contrast,  as 
illustrated  in  Fig.  II-4.  Four  cells  of  the  matrix  were  deleted  be¬ 
cause  their  MTFA  values  corresponded  to  others  in  the  32-cell  matrix. 
The  MTF  curves  are  illustrated  in  Fig.  II -5. 


FIGURE  11-4.  Production  of  MTFA  Values 


The  resulting  288  transparencies  (9  scenes  by  32  variants/scene) 
were  used  in  a  partial  paired-comparison  evaluation  by  36  experienced 
photointerpreters.  The  subjects  were  asked  to  select  the  photo  of 
each  pair  that  had  the  best  quality  for  extraction  of  intelligence 


71 


CONTRAST  MODULATION 


l.Oi 


0.01 


10 


20  50  100 

SIMULATED  SPATIAL  FREQUENCY,  lirwi/mm 


200 


S3— 1 7-71  -3 

FIGURE  11-5.  Average  Modulation  Transfer  Functions  Measured  by  Edge- Response  Method 
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information .  All  pairs  were  composed  of  two  variants  of  the  same 
scene;  each  subject  made  a  total  of  256  comparisons,  for  a  grand  total 
for  all  subjects  of  36  x  256  =  9216  judgments. 

Correlations  were  obtained  between  the  subjective  image  quality 
rating  (derived  from  the  paired  comparisons)  for  each  of  the  32  vari¬ 
ants  and  several  physical  measures  of  image  quality.  Table  II-2  shows 
the  results.  Most  important  to  this  discussion  is  the  mean  correla- 
tion  of  0.92  between  MTFA  (linear)  and  subjective  image  quality,  which 
indicates  that  MTFA  is  strongly  related  to  subjective  estimates  of 
image  quality. 

TABLE  II -2.  CORRELATIONS  OF  PHYSICAL  VARIABLES  WITH  SUBJECTIVE 

IMAGE  QUALITY  SCALE  VALUE 


Physical 

Variables 

Scene  Number 

Mean  r* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

MTFA  (Linear) 

0.921 

0.927 

0.900 

0.925 

0.935 

0.919 

0.919 

0.920 

0.913 

0.920** 

Modulation 

0.220 

0.641 

0.511 

0.618 

0.680 

0.699 

0.497 

0.698 

0.632 

0.576 

MTF 

0.698 

0.529 

0.580 

0.660 

0.579 

0.608 

0.697 

0.469 

0.542 

0.601 

Granularity 

-0.543 

-0.632 

-0.618 

-0.450 

-0.516 

-0.428 

-0.505 

-0.589 

-0.577 

-0.543 

MTFA  (Log- 
Log— 2  Cycle) 

0.666 

0.863 

0.866 

0.821 

0.874 

0.890 

0.749 

0.902 

0.876 

0.846 

MTFA  (Log- 
Log— 10 

Cycle) 

0.768 

0.923 

0.923 

0.867 

0.920 

0.921 

0.824 

0.941 

0.920 

0.900 

Acutance 

0.599 

0.448 

0.526 

0.568 

0.564 

0.599 

0.625 

0.440 

0.602 

0.555 

These  mean  values  were  determined  by  transforming  the  correlations  to  Fisher’s  Z  values. 
Such  a  transformation  is  necessary  when  correlations  are  being  combined  to  obtain  a  mean 
correlation. 

** 

This  mean  value  was  significantly  greater  (p  <  0.01)  than  all  of  the  other  mean  correla¬ 
tion  values  except  the  value  for  MTFA  (Log-Log--10  Cycle).  This  latter  value  was  still 
significantly  less  than  the  MTFA  linear  value  at  the  0.05  level  of  significance. 


The  next  experiment,  by  Klingberg,  Elworth,  and  Filleau  (Ref.  12), 
examined  the  relationship  between  objectively  measured  information- 
extraction  performance  and  the  MTFA  values.  As  a  check  on  the  results 
of  Borough  et  al.,  Klingberg  et  al.  also  obtained  subjective  estimates 
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of  image  quality,  so  that  all  three  correlations  suggested  by  Fig. 

II -3  were  evaluated.  _ 

The  imagery  used  for  this  experiment  was  the  same  as  that  used  by 
Borough  et  al.  (Ref.  6).  A  group  of  384  trained  military  photointer¬ 
preters  served  as  subjects..  Each  subject  was  given  one  variant  of 
each  of  the  nine  scenes  and  asked  to  (1)  rank  the  image  on  a  nine- 
poinf  interpretability  scale,  using  utility  of  image  quality  for  in¬ 
formation  extraction  as  the  criterion,  and  (2)  answer  each  of  eight 
multiple-choice  questions  dealing  with  the  content  of  the  scene.  The 
interpretability  scale  values  were  used  to  develop  a  subjective  image 
quality  measure  for  the  288  images,  while  scores  on  the  multiple- 
choice  interpretation  questions  were  used  to  measure  information- 
extraction  performance. 

Figure  II-6  shows  the  scattergram  between  information-extraction 
performance  and  MTFA  for  the  32  MTFA  values.  The  resulting  correla¬ 
tion,  averaged  across  the  nine  scenes,  is  -0.93.  (The  minus  value  is 
due  to  the  use  of  number  of  errors,  which  is  inversely  related  to 
MTFA,  as  a  measure.) 

Individual  correlations  among  performance,  MTFA,  and  subjective 
quality  (rank)  are  -howii  in  Table  II -3.  It  is  apparent  that  the  re¬ 
lationship  between  MTFA  and  performance  is  not  ?s  high  for  some  scenes 
(e.g.,  6  and  9)  as  for  others,  but  that  the  mean  correlation  r  across 
scenes  (0.72)  is  quit0  high.  Further,  if  one  disregards  scene  content 
and  places  all  scenes  on  a  common  performance  continuum,  the  correla¬ 
tion  of  -0.93  accounts  for  over  86  percent  of  the  variance  in 
information-extraction  performance.  Further,  the  0.97  correlation 
of  MTFA  with  subjective  quality  (rank)  agrees  quite  well  with  the 
correlation  of  0.92  obtained  by  Borough  et  al. 

A  further  comparison  among  these  measures  is  given  in  Table  II-4, 
which  compares  the  paired-comparison  subjective  quality  values  V  of 
Borough  et  al.  with  the  other  measures  obtained  by  Klingoerg  et  al. 
both  for  individual  scenes  and  all  nine  scenes  combined.  As  the  sum¬ 
mary  matrix  indicates,  information-extraction  performance,  MTFA,  and 
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PERFORMANCE 


FIGURE  11-6.  Scattergram  of  Informc  ion  Extraction  Performance  Versus  MTFA 
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subjectively  scaled  image  quality  (obtained  by  either  absolute  judg¬ 
ments  or  paired  comparisons)  intercorrelate  highly.  These  resulting 
values  are  shown  on  the  appropriate  lines  in  Fig.  II-3. 


TABLE  II-3.  CORRELATIONS  (PEARSON  r's)  BETWEEN  IMAGE  QUALITY, 
INTERPRETER  PERFORMANCE  AND  SUBJECTIVE  JUDGMENTS 


Scene 

1 

2 

3 

4 

5 

6 

7 

8 

9 

r* 

r  ** 
m 

Performance/MTFA 

0.69 

0.66 

0.80 

0.65 

0.78 

0.55 

0.84 

0.86 

0.46 

0.72 

0.93 

Performance/Rank 

0.71 

0.67 

0.89 

0.60 

0.80 

0.42 

0.78 

0.76 

0.42 

0.70 

0.96 

MTFA/Rank 

0.90 

0.87 

0.90 

0.93 

0.94 

0.87 

0.92 

0.86 

0.83 

0.90 

0.97 

N  =  32  image  quality  levels  (MTFA) 

* _ 

r  =  Average  of  r's  using  Z  scores. 

r^  =  Values  averaged  across  scenes  before  computing  correlation. 


D.  CONCLUSIONS  AND  CAUTIONS 

These  data  show  that  a  measure  of  image  quality  based  upon  the 
excess  of  MTF  over  the  threshold  detection  level  correlates  highly 
with  the  ability  of  observers  to  obtain  critical  operational  informa¬ 
tion  from  the  imagery.*  As  will  be  shown  in  Part  V  of  this  report, 
there  are  other  ways  to  define  the  same  (or  a  very  similar)  quantity. 

For  example,  Rosell's  display  signal-to-noise  ratio  (SNR^)**  is  es¬ 
sentially  the  same  quantity  as  MTFA  when  appropriate  alterations  are 
made  in  the  calculations  to  account  for  the  differences  between  photo¬ 
graphic  imaging  system  variables  and  electrooptical  line-scan  system 
variables.  In  both  cases,  the  general  value  of  interest  is  the  excess 
of  signal  over  noise  as  a  function  of  spatial  frequency.  Viewed  in 
that  context,  the  data  reported  here  demonstrat  that  MTFA  (or  SNRp)  is 
an  extremely  useful  and  valid  measure  of  the  figure  of  merit  of  an 
imaging  system.  At  the  same  time,  however,  some  cautions  must  be  noted. 
* 

Where  the  objects  of  interest  range  broadly  in  the  target  size 
** spectrum. 

Discussed  in  Sections  V-A-2  and  V-G. 


TABLE  II -4.  INTERCORRELATIONS  OF  ALL  MEASURES  BY  SCENE 


SCENE  1 

R 

M 

V 

Performance  (P) 

0.71 

0.69 

0.68 

Ranks  (R) 

0.90 

0.92 

MTFA  (M) 

0.92 

Paired -Comparison 
Values  (V) 

SCENE  4 

R 

M 

V 

Performance  (P) 

0.60 

0.65 

0.64 

Ranks  (R) 

0.93 

0.92 

MTFA  (M) 

0.92 

Paired -Comparison 
Values  (V) 

SCENE  7 

R 

M 

V 

Performance  (P) 

0.78 

0.84 

0.82 

Ranks  (R) 

0.92 

0.90 

MTFA  (M) 

0.92 

Paired-Comparison 
Values  (V) 


R 

SCENE  2 

M 

V 

0.67 

0.66 

0.67 

0.87 

0.87 

0.93 

SCENE  5 

R 

M 

V 

0.80 

0.78 

0.76 

0.94 

0.92 

* 

0.93 

\ 

SCENE  8 

R 

M 

V 

0.76 

C.86 

0.82 

0.86 

0.37 

0.92 

ALL  SCENES  COMBINED 


SCENE  3 

R  M  V 

0.89  0.80  0.83 

0.90  0.91 

0.88 


SCENE  6 


R  M  1 


SCENE  9 

R  M  V 

0.42  0.46 

0.83 


R  M  V 


Performance  (P) 

0.97  0.93  0.93 

P  mks  (R) 

0.96  0.97 

MTFA  (M) 

0.97 

P a ired -Compar ison 

Values  (V) 

First,  the  specification  of  the  detection  threshold  curve  (or 
Rosell’s  50  percent  probability-of -detection  S/N  level)  implies  that 
optimum  viewing  conditions  are  obtained.  In  the  studies  reported  here 
the  observer  was  ground  based,  supplied  with  an  ample  nonglare  display 
luminance,  and  was  not  time -restricted  in  his  responses.  Similarly, 
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in  the  data  used  to  develop  the  concept  of  SNR^,  observers  were  not 
severely  hampered  by  operational  constraints.  In  both  cases,  there¬ 
fore,  the  detection  threshold  curves  represent  the  best  performance 
of  which  the  well-trained  observer  is  capable.  If,  for  the  sake  of 
argument,  this  threshold  were  to  be  uniformly  elevated  by  adverse  oper¬ 
ational  circumstances  for  all  spatial  frequencies  of  the  display,  no 
changes  in  the  relationships  presented  here  would  ocour — the  relative 
magnitudes  of  MTFA  would  remain  unchanged.  If,  on  the  other  hand, 
operational  requirements  caused  a  nonuniform  elevation  of  the  detec¬ 
tion  threshold  curve  across  all  usable  spatial  frequencies,  then  in¬ 
versions  could  occur  in  the  MTFA  values  for  systems  having  different 
MTFs . 

This  is  not  a  minor  consideration  when  it  is  realized  that  the 
eye's  contrast  threshold  varies  not  only  with  spatial  frequency  but 
also  with  display  signal-to-noise,  overall  image  luminance,  adaptation 
level  (mean  surround  luminance),  and  such  environmental  parameters  as 
glare,  vibration,  glint,  and  time  stress.  As  the  MTFA  concept  is  ap¬ 
plied  to  elec troop tic al  systems,  it  is  particularly  important  to  note 
that  the  MTF  is  defined  specifically  in  the  absence  of  noise,  so  that 
at  low  detector  irradiance  (and  hence  low  S/N)  levels,  a  display  may 
have  a  considerable  amount  of  "snow"  and  thereby  produce  poor  target 
acquisition  performance,  even  though  the  system  MTF  remains  unchanged. 
For  this  reason,  it  is  vital  that  the  display  S/N  level  be  included  as 
a  determinant  of  the  detection  threshold  curve  used  in  MTFA  calcula¬ 
tion,  and  that  other  conditions  under  which  the  MTFA  is  ■’efined  (e.g., 
display  luminance  and  operating  environment)  also  be  specified  to 
avoid  ambiguity.  Otherwise,  the  MTFA  obviously  cannot  be  used  to 
predict  observer  performance  over  a  wide  range  of  electrooptical  sys¬ 
tem  operating  conditions. 

Secondly,  it  is  likely  that,  upon  further  analysis,  we  must  learn 
how  to  weigh  the  excess  signal  over  the  noise  at  various  spatial  fre¬ 
quencies,  rather  than  integrate  uniformly  as  in  the  current  MTFA  or 
SNRp  concepts,  for  the  following  reason.  It  has  been  shown  that  noise 
of  a  spatial  frequency  similar  to  the  spatial  frequency  of  the  target 
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of  interest  has  the  most  deleterious  effect  upon  threshold  detection 
performance  (Ref.  13).  Thus,  because  various  missions  might  require 
acquisition  of  targets  of  predominantly  specific  spatial  frequencies, 
and  because  various  imaging  system  designs  might  produce  noise  power 
at  certain  spatial  frequency  bands,  one  cannot  simply  conclude  that 
the  excess  of  signal  above  noise  can  be  assumed  to  be  of  equal  im¬ 
portance  at  all  spatial  frequencies.  That  is,  there  are  undoubtedly 
spatial  frequency  bands  which  are  more  important  for  some  missions 
than  others,  and  appropriate  weighting  of  these  bands  should  be  con¬ 
sidered  when  evaluating  a  particular  system  (by  MTFA  or  SNR^)  for  that 
mission,  and  that  uniform  integration  across  all  spatial  frequencies 
from  zero  to  limiting  resolution  might  produce  nonrepresentative  re¬ 
sults  . 

Finally,  although  the  author  is  convinced  that  the  MTFA  approach 
(or,  equivalently,  the  SNR^  to  be  discussed  in  Part  V)  presents  the 
most  valid  figure  of  merit  for  present  and  near-future  imaging  systems, 
cautions  must  be  no^ed  as  to  the  representativeness  of  the  data  which 
lead  to  this  conclusion.  The  data  of  Borough  et  al.  (Ref.  6)  and 
Klingberg  et  al.  (Ref.  12)  were  obtained  for  non -time-limited,  non- 
stressed  viewing  conditions;  the  display  of  the  imagery  was  nearly 
optimal;  and  the  imagery  itself  was  continuous -image  photographic 
negative  material,  not  line-scanned,  cathode-ray-tube  presentations 
under  dynamic  conditions.  Clearly,  verification  of  these  results  is 
indicated  for  conditions  more  representative  of  the  operational  mis¬ 
sion  in  which  the  typical  line-scan  system  is  employed.* 


EDITOR'S  NOTE:  After  this  material  by  Snyder  was  written,  experi¬ 
mental  work  by  Rosell  and  Willson,  the  results  of  which  are  shown  in 
Fig.  V-A-3  et  seq.,  firmly  established  the  value  of  SNR^  as  a  figure 
of  merit. 
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IMAGE  REPRODUCTION  BY  A  LINE  RASTER  PROCESS 


by  Otto  H.  Schade,  Sr, 


A,  THE  SAMPLING  PROCESS  OF  A  LINE  RASTER 

The  intensity  function  l(p,0)  of  images  formed  by  optical  or 
electron  lens  systems  is  continuous  in  any  radial  direction  (p,0)  of 
the  format  area.  The  modulation  transfer  functions  MTF(0,p)  are  gen¬ 
erally  isotropic  for  small  radial  distances  ( p)  but  may  become  aniso¬ 
tropic  for  larger  radial  distances  because  of  point-image  distortion 
by  astigmatism  or  coma.  Isotropy  requires  a  point-image  or  sampling 
"aperture"  of  circular  symmetry. 

The  conversion  of  continuous  intensity  functions  l(p,0)  into  one¬ 
dimensional  time  functions  I(t)  and  reconversion  into  continuous  two- 
dimensional  intensity  functions  in  a  television  system  involves  scanning 
of  the  format  area  with  an  "aperture"  along  uniformly  spaced  parallel 
lines  termed  a  "line  raster."  The  raster  process  yields  a  set  of  con¬ 
tinuous  intensity  functions  I(x)  along  the  lines,  whereas  intensity 
functions  I(y)  are  transmitted  as  discrete  amplitude  samples  taken  at 
intervals  Ay  determined  by  the  raster  line  spacing.  It  follows  at 
once  that  continuity  in  the  displayed  image  requires  a  display  aperture 
having  a  particular  spread  S(y)  to  fill  the  interline  spaces  of  the 
raster  and  establish  continuity  in  y,  whereas  the  aperture  spread  S(x) 
could  be  very  much  smaller,  making  the  resolution  in  the  image  aniso¬ 
tropic.  Similarly,  the  effective  spread  S(y)  of  the  sampling  aperture 
in  the  camera  must  have  a  particular  value  to  prevent  loss  of  informa¬ 
tion  contained  in  the  interline  spaces  of  the  raster,  indicating  a 
"flat  field"  requirement*  in  the  camera. 

* 

The  "flat  field"  requirement  refers  to  a  structure -free  reproduction 
of  a  continuous  field  of  uniform  intensity  by  a  line  raster  process. 

It  specifies  a  uniform  charge  readout  in  the  camera,  leaving  no  inter¬ 
line  charges  on  the  storage  surface,  and  is  satisfied  when  the  sum  of 
the  effective  line  image  cross  sections  of  the  scanning  aperture  spaced 
at  raster  line  distances  yields  a  constant  intensity  function  I(y). 
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An  isotropic  image  requires  apertures  of  circular  symmetry.  Con¬ 
tinuity  in  y  can  be  obtained  by  selecting  a  raster  line  density  to 
provide  a  large  overlap  of  aperture  positions  in  successive  line 
scans.  A  high  raster  line  density,  however,  is  wasteful  in  terms  of 
the  electrical  frequency  channel  and  raises  two  questions:  Is  a  flat, 
i.e.,  uniform,  field  necessary?  What  is  the  optimum  aperture  size 
and  shape  to  achieve  uniformity? 

Most  television  displays  have  a  visible  line  structure  on  the 
screen,  and  increased  viewing  distances  are  required  to  effect  inte¬ 
gration  by  the  eye  into  a  flat  or  structureless  field..  An  image  con¬ 
taining  a  visible  line  structure  may  appear  to  be  sharper,  but  more 
detail  becomes  visible  when  the  line  structure  is  removed.  This  can 
be  demonstrated  convincingly  by  modulating  a  CRT  with  wide -banc  noise. 

It  will  be  observed  that  the  noise  is  much  more-  visible  when  the  in¬ 
terfering  line  structure  is  removed  by  defocusing  the  CRT  spot  or  by 
increasing  the  viewing  distance.  The  line  structure  is  an  interfering 
signal  which,  like  noise,  prevents  detection  of  small  detail. 

Various  other  effects  occur  when  the  effective  sampling  apertures 
of  the  camera  and  display  are  too  small  relative  to  the  raster  line 
spacing.  Diagonal  lines  become  staircases,  spurious  diamond-shaped 
patterns  appear  in  horizontal  line  wedges,  low-frequency  beat  patterns 
occur  in  "vertical"  resolution  charts  of  parallel  lines  at  higher  fre¬ 
quencies,  and  the  reproduction  of  significant  detail  depends  on  posi¬ 
tion  relative  to  the  raster  lines. 

Quantitative  specifications  can  be  derived  by  convolution  of  in¬ 
tensity  functions  in  the  space  and  time  domains.  An  analysis  in  the 
frequency  domain,  however,  is  more  convenient. 

The  discontinuous  intensity  function  I(y)  obtained  by  the  raster 
process  in  the  camera  represents  a  pulse  carrier  wave  with  infinitesimal 
pulse  width  of  spatial  frequency  fr,  amplitude  modulated  by  the  spatial 
frequencies  f  contained  in  the  image,  which  are  limited  by  the  MTFC 
of  the  camera  aperture  6C.  The  fundamental  frequency  fr  of  the  spatial 
carrier  wave  is  equal  to  the  number  of  raster  lines  per  unit  length. 
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The  spatial  intensity  functions  l(y)  are  converted  by  the  sequential 
scanning  process  into  time  functions  I  (t)  contained  in  the  video 
signal,  which  can  be  displayed  with  an  electrical  sampling  circuit  on 
an  oscilloscope.  The  time  signals  are  converted  back  into  spatial 
modulated  carrier  waves  in  the  display  system  by  a  synchronized  scanning 
process.  The  pulse  carrier  must  now  be  demodulated  by  a  low-pass 
filter,  the  MTF  of  the  display  aperture  6d,  to  restore  a  continuous 
undistorted  modulation  envelope  from  the  transmitted  samples.  The 
solution  for-  optimum  low-pass  mTF’s  is  known  from  modulation  theory 
and  states  that  the  MTF  of  both  input  and  output  filters  must  be  lim¬ 
ited  to  frequencies  f  S  0,5  f  to  eliminate  all  raster  carrier  com~o- 

m  r 

nents  and  unwanted  modulation  products.  The  MTF ' s  should  be  constant 
fob  maximum  utilization  of  the  frequency  channel.  This  optimum  solu¬ 
tion  may  not  be  realizable  in  a  practical  system.  We  therefore  ex¬ 
amine  the  general  expression  for  the  intensity  function  I(y)  resulting 
from  a  carrier  modulation  by  a  frequency  fm,  given  by  the  following 
equation : 


I(y)  =  T  (1  +  ?2Lf r\  ,f  cos(k*2rrf  y) 


(C) 


+  If  cos(2Ttfmy + 

m 


<fm> 


+  [rd,(kfr+fm)  cos<2"<kfr  +  V*  +  e’]  <s) 


(II-l) 


K 

+  Tf  vZ!  [fd,(kf  -f  )  -  V?  +  8’|  (D) 

m  L  r  m  1 


>] 


where 

k  =  1,  2,  3,  ... 

f  =  modulation  frequency,  cycles/unit  length 
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f  =  raster  frequency,  number  of-  sampling  points/unit 
length 

distance  along  y-coordinate 
mean  intensity  of  test  object  wave  form 
crest  intensity  of  sine-wave  test  object 

sine-wave  response  factor  of  camera  at  f 

sine-wave  response  factor  of  display  system  at  f 

sine -wave  response  factor  of  display  at  index  fre¬ 
quency 

A 

phase  displacement  between  1^  and  raster  lines 

m 

The  first  term  (C)  contains  the  dc  level  (I)  and  'n  infinite 
number  of  steady  carrier  frequency  components  k  f  (k  is  an  integer) 
with  amplitudes  21  rd  depending  only  on  the  MTFd  of  the  display  sys¬ 
tem.  The  second  term  (f  )  is  the  normal  MTF  product  (r  r^)  of  the 
system  as  obtained  without  raster  process  at  any  modulation  frequency. 

The  third  and  fourth  terms  (S)  and  (D)  are  modulation  products 
(sidebands)  generated  by  sum  and  difference  frequencies  with  the  car¬ 
rier  components. 

The  entire  frequency  transfer  characteristic  for  the  y-coordinate 
of  the  television  process  is  shown  by  the  graphic  representation  in 
Fig.  II-7.  The  MTFc  under  the  input  frequency  scale  of  the  raster 
characteristic  is  the  product  of  the  MTF’s  of  all  two-dimensional 
aperture  processes  preceding  the  raster  process  and  including  the 
scanning  beam  in  the  camera. 

The  MTF  of  the  video  system  is  unity  for  the  y-samples  and  need 
not  be  shown.  The  transfer  functions  of  the  raster  itself  are  a  net¬ 
work  of  diagonal  lines  with  constant  transfer  factors  (r  =  1)  for  the 
frequency  f  and  the  sum  and  difference  frequencies  (D,S).  The  car¬ 
rier  frequencies  (C1,  C2>  ...)  are  represented  by  horizontal  lines  be¬ 
cause  their  existence  depends  only  on  the  dc  term  and  on  the  attenua¬ 
tion  by  the  output  filter. 


y  = 

I  - 
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RELATIVE  OUTPUT  FREQUENCY  f/f 


The  MTF^  of  the  display  system  is  drawn  parallel  to  the  output 
frequency  scale  of  the  raster  characteristic.  It  is  the  product  of 
the  MTF's  of  all  two-dimensional  aperture  processes  following  the 
raster  process  and  includes,  therefore,  the  MTF's  of  copying  systems 
and  the  eye.  Unless  eliminated  by  adequate  magnification,  the  MTF  of 
the  eye  must  obviously  be  considered  in  MTF  specifications  of  display 
systems  designed  for  a  specific  viewing  distance. 

The  use  of  the  diagram  is  simple.  A  vertical  projection  of  an 

input  frequency  f  (see  arrows)  locates  the  output  frequencies  of  the 

raster  process  at  the  intersections  with  the  various  transfer  lines. 

Horizontal  projections  from  these  points  onto  the  output  MTFd  indicate 

the  attenuation  (21  r^)  of  the  carrier  frequency  components  and  the 

response  factors  r^  for  determining  the  relative  amplitudes  (r*  f^)  of 

the  modulat-i™  products.  The  example  illustrates  that  the  higher 

reproduces  the  carrier  C,  with  a  modulation  amplitude  of  36  percent, 

representing  a  72  percent  peak -to -peak  variation  in  a  uniform  field 

(I).  The  lower  MTFd  reproduces  a  substantially  flat  field,  but  the 

raster  generates  a  low  difference  frequency  f  =  0.2  f^  of  amplitude 

r^rVj  =0.27  from  a  modulation  frequency  fm  =  0.8  of  32  percent 

amplitude  because  the  input  MTF  exceeds  the  value  f  =  0.5  f  .  It 

c  m  r 

is  seen  at  a  glance  that  a  complete  elimination  of  all  spurious  modu¬ 
lation  frequencies  restricts  the  MTF's  to  the  spatial  frequency  bands 
indicated  by  the  broken  line  rectangle;  i.e.,  to  frequencies  fm  S  0.5 
f  .  In  other  words,  a  minimum  of  one  sample  per  half  cycle  is  neces¬ 
sary  to  transmit  a  continuous  sine  wave  by  a  sampling  process. 

B.  RASTER  LINE  FREQUENCIES  AND  MTF  COMBINATIONS  FOR  LOW  SPURIOUS 
RESPONSE 

The  inverse  transform  of  a  rectangular  frequency  spectrum  is  a 
(sin  x)/x  impulse  function  or  line  image  which  can  be  realized  with 
the  coherent  light  of  laser-beam  image  reproducers  by  using  a  rec¬ 
tangular  lens  stop.  Similar  functions  can  be  synthesized  from  the 
Gaussian-type  impulses  by  vertical  aperture  correction  with  tapped 
delay  lines  for  noninterlaced  or  interlaced  scanning  (Ref.  1).  Such 
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corrections  may  not  be  feasible  in  many  cases  that  are  then  restricted 
to  the  MTF’s  of  normal  cameras  and  display  systems,  which  are  approxi- 
mated  in  the  illustrations  by  Gaussian  functions. 

A  substantially  flat  field  is  obtained  when  the  MTFd  at  f„  is  2.5 
percent  or  less.  The  carrier  amplitude  for  the  upper  limit  is  2Ird  = 
0.05  r,  producing  a  peak-to-peak  ripple  of  10  percent.  The  numerical 
evaluation  of  cross  products  is  illustrated  by  Fig.  II-8.  Curves  1 
through  5  represent  the  MTFc  of  various  cameras.  The  MTF  of  the  dis¬ 
play  system  repeats  for  the  sum  and  difference  frequencies  of  the  side 
bands  MTF^  and  MTFg,  as  shown  in  Fig.  II -8.  The  spurious  modulation 
products  rc  rD1  and  FcFsl  are  easily  evaluated*  and  shown  by  curves  1 
through  5  in  Fig.  II-9a  for  the  five  camera  MTF’s  of  Fig.  II -8.  Note 
that  the  zero  frequency  of  the  cross  products  occurs  at  the  modulation 
frequency  f  =  f  and  that  the  modulation  frequencies  generate  higher 
spurious  frequencies  for  f  <0.5  f  and  lower  frequencies  for  fm  > 

0.5  f^.  The  maximum  values  of  the  spurj  us  response  are  plotted  in 
Fig.  II-9b  as  a  function  of  the  camera  response  (F  )  at  the  -theoretical 
frequency  limit  f  =  0.5  f  .  The  straight  line  shows  the  overall  MTF 
(r  r^)  of  the  system. 

A  spurious  response  F  of  10  percent  may  be  considered  an  upper 

sp 

limit  for  good  system  design.  This  value  is  a  worst  case  and  occurs 
occasionally  for  100  percent  contrast  in  the  scene.  Spurious  fre¬ 
quencies  occur  in  the  range  indicated  by  a  curve  intermediate  for 
curves  2  and  3  in  Fig.  II -9a  and  do  not  include  low-frequency  beats, 
which  are  most  visible.  It  follows  that  the  raster  frequency  (number 
of  raster  lines)  should  be 


f  £  2  f  ,n  oc. 
r  m(0.26) 


(II-2) 


where  fm^g  26)  t^ie  spatial  frequency  at  which  the  camera  has  a  sine- 
wave  response  factor  r  =  0.26.  An  overall  system  response  r^r^  =0.10 
is  then  obtained  with  a  flat  field  display  system  having  a  sine-wave 
response  Fd  =  0.38  at  the  theoretical  frequency  limit  fm  =  f^/2. 

* 

The  remaining  products  are  very  small  or  zero  and  can  be  neglected. 
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FIGURE  11-8.  Evaluation  of  Cross  Products  for  an  MTF^  Producing  a  Flat  Reid 
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There  is,  of  course,  an  upper  limit  for  the  raster  frequency  f  be¬ 
cause  a  frequency  f  =  fr/2  with  negligible  amplitude  need  not  be 
sampled  as  expressed  by 


2fm(0.05)  -  fr  -  2  fm(0.26)* 


(II-3) 


The  index  numbers  specify  the  camera  response  (r  )  at  f  .  The  upper 
limit  fr  =  2  fm^Q  provides  a  very  low  level  of  spurious  signals 
but  requires  a  wide  video  passband. 


C.  SYSTEM  DESIGN 

The  MTF  of  the  camera  determines  the  constants  of  the  television 
c 

system  or  vice  versa.  Equation  11-3  states  that  the  raster  frequency 
should  be  in  the  range  f  =  2  f  2g  to  2  fQ  Q5,  where  fQ  Q5  and  fQ  2(- 
are  the  spatial  frequencies  at  which  the  camera  response  is  26  percent 
and  5  percent,  respectively.  A  design  for  best  utilization  of  the 
electrical  frequency  channel  would  select  the  lower  raster  frequency 
( 2f o  2g)  whereas  a  design  for  maximum  resolving  power  requires  the 
upper  limit.  In  terms  of  television  line  numbers  (N)  and  the  raster 
line  number  (nr),  Eq.  II-3  specifies  the  range  nr  =  NQ  2g  to  NQ  Q5. 

A  commercial  525  line  system,  for  example,  has  an  active  raster  line 
number  np  =  490  lines  and  the  vertical  camera  response  at  this  line 
number  (N)  is  generally  less  than  26  percent. 

A  flat  field  and  low  spurious  response  dictate  a  display  system 
designed  for  an  MTF^  of  2.5  percent  or  less  at  the  raster  frequency 
(f^).  The  MTF  of  a  good  commercial  CRT  is  in  the  order  of  27  percent 
at  fr  =  490  cycles  and,  at  a  luminance  B  =  40  ft-L,  the  MTF  of  the 
eye  (Ref.  2)  is  5  percent  for  a  relative  viewing  distance  d/V  =  4  and 
about  0  percent  for  d/V  =  6.  The  MTF^  of  the  display  system  is  thus 
1.35  to  0  percent.  The  peak-to-peak  ripple  is  4  times  higher  and 
still  visible  at  the  shorter  viewing  distance.  The  line  structure  is 
very  pronounced  at  close  viewing  distances  and  should  be  eliminated 
by  vertical  ’’spot  wobble.”  The  spot -wobble  frequency  should  be  out¬ 
side  the  frequency  spectrum  of  the  system;  about  20  MHz  for  standard 
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CRT’s,  50  MKz  for  a  20-MHz  video  system  and  140  MHz  for  100-MHz  sys¬ 
tems  and  very  high-resolution  CRT’s.  Spot  wobble  is  particularly 
recommended  when  the  CRT  image  is  magnified  by  overscanning  the  normal 
format.  A  laser-beam  image  recorder  designed  for  a  substantially  rec¬ 
tangular  frequency  spectrum  and  a  flat  field  increases  the  MTFd  and 
overall  MTF  of  the  system.  It  does,  however,  increase  also  the  ampli¬ 
tude  of  the  spurious  i-esponse  products.  Figures  II-7  and  II-8  il¬ 
lustrate  by  rectangular  broken  lines  that  portions  of  the  sidebands 
(D)  are  reproduced  with  unity  response  by  a  rectangular  MTFd.  The 
modulation  products  shown  in  Fig.  II-9a  are  zero  for  f/fr  >0.5  and 
have  amplitudes  equal  to  rc  for  f/fr  <0.5,  which  are  the  portions  of 
curves  1  to  5  in  Fig.  II -8  inside  the  rectangular  first  sideband. 

This  condition  recommends  the  use  of  higher  raster  frequencies  f  °* 

2  f^g  to  reduce  spurious  low  frequencies.  The  MTF’s  of  the  cam¬ 
era  and  display  system  are  products  of  a  number  of  components.  It 
may  thus  occur  that  the  MTF  of  the  scanning  aperture  (beam)  in  the 
camera  is  much  higher  than  the  product,  for  example,  when  a  high- 
resolution  beam  is  used  in  combination  with  a  light  intensifier  and 
a  high-aperture  lens.  Calculation  of  the  raster  frequency  with  Eq. 

II -3  may  indicate  a  relatively  low  raster  frequency  at  which  the 
scanning  beam  leaves  unscanned  interline  spaces.  Although  sufficient 
integration  of  the  image  flux  occurs  in  the  stages  preceding  scanning, 
the  efficiency  of  signal  conversion  is  reduced  by  interline  charges 
not  contacted  by  the  beam  and  can  result  in  undesirable  secondary  ef¬ 
fects  recommending  the  use  of  a  larger  beam  or  a  higher  raster  fre¬ 
quency.  A  similar  situation  may  occur  in  a  display  system  containing 
several  ’’copying”  stages  which  ’’diffuse”  the  image  of  the  actual 
scanning  spot  to  provide  a  flat  field.  The  current  or  light  density 
in  the  scanning  spot  may  then  become  excessive,  which  can  result  in 
saturation  effects. 

A  "perfect”  television  system  having  equal  rectangular  MTF’s  in 
x  and  y,  producing  a  structureless  field,  is  anisotropic  because  the 
effective  apertures  6c  and  6d  have  a  square  base,  causing  an  increase 
of  the  spatial  frequency  spectrum  by  J2  in  the  diagonal  directions. 
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The  same  anisotropy  occurs  in  optical  images  formed  with  monochromatic 
light  by  a  lens  having  a  square  lens  stop.  A  practical  television  sys¬ 
tem  in  vrtiich  the  MTF  is  bandwidth  limited  in  x  by  the  video  system  is 
similarly  anisotropic,  as  is  readily  confirmed  by  observation.  The 
system  becomes  isotropic  when  the  raster  frequency  has  twice  the  value 
at  which  the  camera  response  is  5  percent,  the  MTF  of  the  display  sys¬ 
tem  is  2  percent  or  less  at  the  raster  frequency,  and  the  video  system 
has  unity  response  up  to  the  resolution  limit  of  the  overall  MTF  pro¬ 
duct  because  the  MTF  of  the  system  is  then  limited  in  all  radial  di¬ 
rections  by  the  isotropic  response  of  its  two-dimensional  circular 
apertures.  This  is  the  preferred  system  design  for  high  resolving 
power.  It  should  be  pointed  out  that  the  MTF  of  a  charge  storage 
camera  can  become  anisotropic  because  of  "self-sharpening”  of  a  low- 
velocity  beam  in  x  or  y,  which  depends  on  a  low  or  excessively  high 
raster  line  density,  respectively.  The  MTFc  in  the  y-direction  is 
readily  measured  with  a  horizontal  pulse  gating  circuit,  and  isotropy 
in  the  reproduced  image  can  be  tested  visually  by  comparing  the  con¬ 
trast  of  vertical  and  horizontal  resolution  bars  in  a  standard  Air 
Force  test  object,  which  can  be  made  equal  by  adjusting  the  MTF  of 
the  video  system  by  aperture  correction  circuits. 
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PART  III.  SYMBOLS 


A  area  of  aperture 

B  luminance 

e  magnitude  of  electric  charge,  coulombs 

F  luminous  flux 

H  raster  heigi.t 

i  primary  photoelectric  current 

s 

electric  current  density  at  photocathode 

O 

Mp  modulation  amplitude  on  display 

Mg  modulation  amplitude  on  photocathode 

111  subjective  magnification 

m  magnification 

N  number  of  television  lines  per  raster  height 

ng  photoelectron  flux  density 

spectral  radiant  power 
R(X)  relative  spectral  response 

S  separation  between  display  and  observer 

T( v)  sine-wave  response,  frequency  response,  modulation  transfer 
function 

t  effective  integration  time  of  eye 

e  effective  length -to -width  ratio  of  half  period  of  test 

frequency 

X  wavelength  of  radiation 
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v  sine -wave  spatial  frequency 

Vp  spatial  frequency  on  display 

vg  spatial  frequency  on  photocathode 

a(\)  responsivity  of  photocathode,  amperes  per  watt 

Q  solid  angle 
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III.  LOW-LIGHT -LEVEL  PERFORMANCE  OF  VISUAL  SYSTEMS 
by  Alvin  D.  Schnitzler 

A.  LOW-LIGtiT -LEVEL  PERFORMANCE  OF  THE  EYE 

A  full  appreciation  of  the  principles  of  operation  of  photoelec - 
tronic  imaging  (PLI)  systems  depends  on  knowledge  of  certain  features 
of  the  visual  process.  For  this  purpose  it  is  useful  to  examine  and 
compare  the  operation  of  visual  systems  such  as  the  unaided  eye  and 
binoculars  on  the  ^ne  hand  with  PEI  systems  on  the  other.  However,  in 
any  comparison  of  visual  systems,  in  which  the  retina  of  the  eye  is 
the  primary  radiation  sensor,  with  physical  devices,  in  which  some 
other  radiation-sensitive  layer  is  the  primary  sensor,  one  is  con¬ 
fronted  with  the  relation  between  the  subjective  and  objective  effects 
of  radiation  in  the  visible  and  adjacent  regions  of  the  spectrum. 

This  relation  is  particularly  important  in  examining  the  operation  of 
visual  systems  incorporating  PEI  systems,  since  their  overall  perform¬ 
ance  depends  cn  both  the  physical  properties  of  the  input  radiation 
and  the  subjective  properties  of  the  output  radiation. 

The  problem  arises  because  the  eye,  as  shown  in  Fig.  III-l,  is  so 
selective  in  its  spectral  response  that  radiant  power  expressed  in 
watts  is  an  inadequate  measure  of  the  subjective  effect  of  a  flux  of 
radiant  energy.  Two  alternative  procedures  are  available: 

1.  a.  Specify  the  spectral  response  of  the  eye, 

b.  Specify  the  spectral  content  of  the  flux,  and 

c.  Perform  a  numerical  integration  of  their  product  over 
all  wavelengths  within  the  passband  of  the  eye. 

2.  Define  an  arbitrary  unit  of  luminous  f]ux,  spectrally  nor¬ 
malized  to  the  peak  of  human  visual  response,  as  an  overall 

me  sure  ''f  the  subjective  effect  of  the  flux  of  radiant  energy 
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FIGURE  II 1-1 .  Standard  Visibility  Curve  of  the  Photopic  Eye 
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without  explicit  concern  for  its  spectral  content  and  the 
spectral  response  of  the  eye. 

The  second  procedure  requires  the  establishment  of  a  standard  of  lu¬ 
minous  flux  as  a  reference  to  determine  the  value  of  unknown  luminous 
flux  by  comparison.  In  practice,  it  is  easier  to  maintain  a  standard 
of  luminous  intensity  rather  than  a  standard  of  luminous  flux.  The 
standard  of  luminous  intensity,  the  candela,  is  defined  as  one-sixtieth 
of  the  luminous  intensity  per  square  centimeter  of  a  blackbody  radi¬ 
ator  at  the  temperature  of  solidification  of  platinum  (approximately 
2042°K).  The  unit  of  luminous  flux,  the  lumen,  is  the  amount  of  lu¬ 
minous  flux  emitted  within  a  unit  solid  angle  by  an  ii.  .'tropic  point 
source  of  luminous  intensity  equal  to  one  candela.  For  an  extended 
source  of  luminous  flux,  the  luminance  of  an  element  of  surface  is  de¬ 
fined  as  the  luminous  flux  that  leaves  the  surface  per  unit  solid 
angle  and  unit  projected  area  of  the  element  of  surface.  If  the  sur¬ 
face  is  a  perfectly  diffuse  radiating  (or  reflecting)  surface,  the 
total  luminous  flux  leaving  the  surface  per  unit  area  is  equal  to  tt 
times  the  luminance.  The  amount  of  luminous  flux  incident  per  unit 
area  of  a  surface  is  the  illumination  of  the  surface.  The  unit  of  il¬ 
lumination,  lumen  per  unit  area,  depends  on  the  unit  of  area  chosen. 

Since  the  procedure  of  establishing  a  unit  of  luminous  flux  as 
an  overall  measure  of  the  subjective  effect  of  a  flux  of  radiant  energy 
is  implicitly  dependent  on  the  spectral  response  of  the  Commission 
Internationale  de  l’Eclairage  (CIE)  "standard  observer,"  this  procedure 
does  not  apply  to  radiation  sensors  with  other  spectral  responsivities. 
For  general  application  to  all  radiation  sensors,  the  first  procedure, 
explicitly  taking  into  account  the  spectral  response  of  the  radiation 
sensor  (e.g.,  the  eye),  is  superior,  for  then  the  radiant  power  can  be 
expressed  in  watts  without  loss  of  rigor.  In  the  case  of  the  eye,  for 
any  spectral  distribution  of  radiant  power,  one  has 


F  =  680 


y(X)Pjd\ 


(III-l) 
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where  F  (in  lumens)  may  be  viewed  either  as  a  luminous  flux  (i.e.,  the 
visual  content  of  the  flux  of  radiant  energy)  or  as  a  measure  of  the 
amount  of  visual  sensation  evoked  by  the  radiant  power,  y( X)  is  the 
relative  spectral  response  (better  known  as  the  ’’standard  observer” 
function)  of  the  eye,  and  P  is  the  spectral  radiant  power  in  watt/nm. 

A 

The  numerical  factor  680  is  the  luminous  equivalent  of  one  watt  of 
radiant  power  at  the  peak  of  the  visibility  curve  Cy(X)  =  1],  which 
for  photopic  vision  occurs  at  555  nm. 

If  a  photoelectronic  sensor  is  employed  rather  than  visual  sensa¬ 
tion,  the  output  is  a  directly  measurable  electric  current.  In  this 
case,  one  has 


i  =  «VJ  R(X)Pxdx  (III -2) 

0 

where  I  is  the  electric  current  in  amperes,  o(Xp)  is  the  absolute 
radiant  responsivity  of  the  sensor  at  the  peak  wavelength  in  amperes/ 
watt,  R( X)  is  the  relative  spectral  response  of  the  sensor,  and  P  is 

A 

again  the  spectral  radiant  power. 


The  physical  quantities  corresponding  to  luminance  and  illuminance 
are  radiance  and  irradiance.  They  are  based  on  radiant  power  in  watts. 
The  unit  of  radiance,  depending  on  the  choice  of  unit  of  area,  is  watt 
per  unit  area  per  unit  solid  angle.  Likewise,  the  unit  of  irradiance 
is  watt  per  unit  area.  A  table  of  some  of  the  corresponding  subjec¬ 
tive  (photometric)  and  physical  (radiometric)  quantities  is  given  on 
the  next  page.  For  a  more  extensive  treatment  of  photometric  and 
radiometric  quantities,  see,  for  example.  Refs.  1  and  2,  among  other 
sources . 
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Photometric 

Radiometric 

Quantity 

Unit 

Quantity 

Unit 

Luminous  flux 

lumen 

Radiant  flux 

watt 

Luminous 

intensity 

candela* 

Radiant 

intensity 

watt/steradian 

Luminance 

candela/ 

meter^ 

Radiance 

2 

watt/meter  - 
steradian 

Illuminance 

lumen/ 

meter^ 

Irradiance 

2 

watt/meter 

In  the  text  below,  wherever  it  is  appropriate  to  take  explicit 
note  of  the  spectral  response  of  the  eye  or  wherever  photoelectronic 
sensors  are  under  consideration,  the  quantities  used  will  be  radio- 
metric. 

At  low  light  levels,  to  compensate  for  the  loss  of  visual  stimuli, 
the  eye  automatically  undergoes  various  adjustments.  These  adjust¬ 
ments  include: 

•  Increasing  photon  collection  by  dilation  of  the  pupil. 

•  Integrating  the  signal  over  larger  areas  on  the  retina  by  ex¬ 
tracting  the  signal  from  larger  clusters  of  elemental  sensors. 

•  Increasing  the  sensitivity  of  the  retina  by  means  of  dark 
adaptation,  which  includes  switching  from  less  sensitive  to 
more  sensitive  sensors  as  well  as  lowering  the  sensitivity 
thresholds  of  both. 

•  Integrating  the  signal  over  a  longer  time. 

The  area  of  the  pupil  of  the  eye  is  controlled  by  the  iris,  a 
ring-shaped  involuntary  muscle  adjacent  to  the  anterior  surface  of  the 
lens.  It  has  been  shown  (Ref.  3)  that  the  pupil  area  increases  by 


* 

The  candela  is  defined  to  yield  one  lumen  per  steradian.  Thus  the 
unit  solid  angle  is  implicit  in  the  definition. 
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approximately  a  factor  of  10  as  the  light  level  decreases  from  bright 

*  3  2  -5 

sunlight  at  10  cd/m  to  the  darkness  of  an  overcast  night  at  10 

cd/m^. 

The  amount  of  light  collected  by  a  circular  aperture  such  as  the 
entrance  pupil  of  the  eye  is  given  by 

f  =  ab  n  (in-3) 

where  A  is  the  aiea  of  the  aperture,  B  is  the  luminance  of  a  paraxial 
object,  and  fi  is  the  solid  angle  subtended  by  the  object  at  the  aper¬ 
ture.  Since  an  increase  in  the  area  of  the  entrance  pupil  has  no  ef¬ 
fect  on  the  magnification  of  the  eye,  the  area  of  the  image  on  the 
retina  remains  unchanged.  Hence,  by  dilation  of  the  pupil  retinal 
illumination  increases,  image  brightness  increases,  and  visual  percep¬ 
tion  at  low  light  levels  is  improved. 

The  ability  of  the  eye  to  integrate  the  signal  over  increasing 

areas  of  the  retina  with  decreasing  light  level  is  shown  (Ref.  4)  in 

Fig.  III-2.  The  threshold  luminance  required  for  perception  of  an 

object  subtending  an  angle  c v  at  the  entrance  pupil  of  the  eye  decreases 
2 

with  increasing  a  ,  which  is  proportional  to  the  area  of  the  image  on 
the  retina.  Data  such  as  are  shown  in  Fig.  III-2  differ  little,  whether 
a  disk  or  a  Landolt  C-ring  is  projected  on  a  screen,  and  for  a  given 
a  the  luminance  is  increased  until  the  viewer  perceives  the  location 
of  either  the  disk  or  the  gap  in  the  C-ring.  The  two  portions  of  the 
curve  in  Fig.  III-2  are  due  to  the  presence  of  two  types  of  sensors: 

(1)  the  rods,  which  respond  at  low  light  levels,  and  (2)  the  cones, 
for  daylight  and  color  vision. 

According  to  Eq.  Ill- 3,  the  luminous  flux  collected  from  an  object 

2  2 

by  the  eye  is  proportional  to  the  product  of  Bfc  and  a  (since  Cl  «  a  ). 
However,  Fig.  Ill -2  shows  that  at  low  light  levels,  where  vision  depends 
on  the  rod  sensors,  the  eye  becomes  quite  ineffective  at  integrating 
the  signal  from  elements  separated  from  the  center  of  the  object  by 
distances  which  subtend  angles  larger  than  4  or  5  deg.  Thus,  as  a 
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approaches  4  or  5  deg,  the  threshold  flux  increases  rapidly.  This 
limitation  is  shown  in  Section  III-B  to  be  of  special  significance 


FIGURE  111-2.  Threshold  Luminance  as  a  Function  of  Angle  Subtended  at  Bye  Pupil 
by  Disk  or  Gap  in  Landolt  C-Ring  (Ref.  4) 

The  increase  in  sensitivity  (reduction  in  visual  threshold)  that 

occurs  with  increasing  dark  adaptation  is  illustrated  in  Fig.  Ill -3 

(Ref.  5),  where  the  logarithm  of  threshold  luminance  versus  time  of 

dark  adaptation  is  plotted.  The  experiments  vie  re  conducted  by  pre- 

2 

adaptation  with  approximately  5000  cd/m  of  white  light  and  then  de¬ 
termination  of  the  threshold  luminance  required  by  the  observer  to 
resolve  the  lines  of  a  grating.  In  these  experiments,  vision  is  domi¬ 
nated  by  the  cone  sensors  during  the  first  7  or  8  min  of  dark  adapta¬ 
tion  before  the  visual  threshold  of  the  rod  sensors,  decreasing  more 
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rapidly,  becomes  dominant.  The  effect  of  area  on  visual  threshold, 
as  discussed  above,  is  also  evident  in  Fig.  III-3.  It  is  interesting 
to  note  that  the  rod  sensors  cannot  resolve  lines  subtending  an  angle 
of  4  min,  while  the  cone  sensors  can  resolve  objects  of  less  than  1 
min. 


FIGURE  111-3.  Threshold  Luminance  as  a  Function  of  Time  During  Dark  Adaptation 
Following  Preadaptation  to  5000  cd/trr  (Ref.  5) 


The  relatively  slow  progress  of  dark  adaptation  shown  in  Fig. 

III-3  poses  a  severe  problem  for  sensitive  vision  at  night  if  an  ob¬ 
server  is  required  to  pass  from  a  brightly  illuminated  artificial  en¬ 
vironment  into  a  dimly  illuminated  natural  environment  or  if  dark 
adaptation  is  destroyed  by  flashes  or  occasional  sources  of  light  in 
an  otherwise  dark  scene.  For  example,  under  the  conditions  applying 
to  Fig.  III-3,  if  the  object  luminance  were  10  cd/m  ,  the  observer 
would  have  to  wait  nearly  11  min  to  become  sufficiently  dark-adapted 
to  perceive  a  gross  unlined  object,  and  approximately  22  min  to  resolve 
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a  line  grating  in  which  a  line  subtends  an  angle  of  8  min  at  the  eye. 
Image-intensif ier  and  television  systems  can  be  of  great  value  under 
such  conditions,  since  it  is  unnecessary  to  wait  for  dark  adaptation 
if  the  output  image  is  presented  at  sufficient  brightness. 

The  ability  of  the  eye  to  integrate  the  signal  over  a  longer  time 
at  low  light  levels  appears  to  be  the  least  important  of  the  response 
parameter  adjustments  made  to  compensate  for  the  decreased  photon  flux. 
Rose  (Ref.  6),  for  example,  claims  that  the  effective  storage  or  inte¬ 
gration  time  of  the  eye  is  close  to  0.2  sec  and  that  it  varies  little 
from  extremely  low  to  high  light  levels.  Schade  (Ref.  7),  on  the  other 
hand,  claims  that  the  effective  storage  time  decreases  from  approxi¬ 
mately  0.2  sec  at  the  threshold  of  vision  towards  a  plateau  of  approx¬ 
imately  0.05  sec  at  high  illumination. 

B.  LOW-LI GKT -LEVEL  PERFORMANCE  OF  3 INOCULARS 

Limited  aid  to  visual  performance  at  low  light  levels  can  be  pro¬ 
vided  by  means  of  purely  geometric  optic  devices  such  as  binoculars. 
Special  care  is  taken  in  the  design  and  construction  of  such  devices 
to  ensure  maximum  transfer  of  radiation  collected  by  the  objective  to 
the  retina  of  the  eye.  It  is  essential  that  the  exit  pupil  of  tne  de¬ 
vice  is  large  enough  to  match  the  large  entrance  pupil  of  the  dark- 
adapted  eye.  In  this  case,  binoculars  will  produce  the  subjective  im¬ 
pression  of  increased  image  brightness  and  permit  the  detection  of 
targets  not  visible  to  the  unaided  eye.  This  increase  in  visual  per¬ 
formance,  the  well-known  night-glass  effect,  is  shown  below  to  result 
from  the  increased  size  of  the  image  on  the  retina  provided  by  the 
subjective  magnification  of  the  binoculars.  It  does  not  result  from 
more  irradiance  in  the  image.  Indeed,  an  increase  in  image  radiance 
by  purely  geometric  optics  would  violate  the  second  law  of  thermo¬ 
dynamics  . 

The  other  parameters  upon  which  the  detection  of  a  target  image 
depends,  such  as  wavelength,  exposure  time,  contrast,  and  requirement 
for  dark  adaptation,  are  little  affected  by  night-vision  binoculars. 


109 


The  aid  to  visual  performance  provided  by  night-vision  binoculars  de¬ 
pends  solely  on  the  spatial  integration  capability  of  the  dark-adapted 
eye,  which  was  described  in  Section  III-A  as  relatively  ineffective 
for  images  viewed  in  the  eyepiece  subtending  more  than  4  to  5  deg  at 
the  entrance  pupil  of  the  eye. 

In  any  well -designed  visual  instrument,  such  as  night-vision 
binoculars,  the  eye  is  placed  so  that  the  entrance  pupil  of  the  eye 
nearly  coincides  in  position  with  the  exit  pupil  of  the  instrument, 
since  placing  the  eye  elsevdiere  merely  introduces  an  additional  stop 
that  may  unnecessarily  reduce  the  field  of  view.  A  diagram  of  the 
complete  visual  system  is  shown  in  Fig.  III-4.  A  detailed  discussion 
of  the  binocular  is  given  in  Ref.  8.  A  detailed  discussion  of  the 
limitation  of  rays  by  apertures  will  be  found  in  Chapter  V  of  Ref.  3. 


FIGURE  111-4.  Schematic  Diagram  of  Binocular  Visual  System 
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The  increase  in  visual  perception  at  low  light  levels  realized 
with  binoculars  may  be  attributed  to  the  increase  in  image  area  on  the 
retina  produced  by  the  subjective  magnification  and  depends  on  the 
limited  ability  of  the  eye  to  integrate  the  signal  over  the  increased 
image  area.  High  subjective  magnification  is  required  for  target  de¬ 
tection,  but  the  field  of  view,  which  is  of  major  importance  in  visual 
search  operations,  is  reduced  in  proportion  to  the  increase  in  retinal 
image  area.  Thus,  binoculars  increase  che  probability  of  detection  if 
the  object  is  within  the  field  of  view  but  decrease  the  probability 
that  the  visual  field  includes  the  object  to  be  detected. 

C.  BASIC  PARAMETERS  AND  THEORY  OF  PERFORMANCE  OF  PHOTOELECTRONIC 
IMAGING  SYSTEMS 

1.  Optical  Parameters  and  Principle  of  Operation 

The  incorporation  of  PEI  devices  in  visual  systems  permits  the 
manipulation  of  design  parameters  with  far  greater  flexibility  than 
allowed  with  binoculars.  Image-intensif ier  night-vision  systems  in¬ 
corporate  an  objective  for  collecting  and  focusing  the  radiant  flux 
emanating  from  the  scene  onto  the  fiber-optic  faceplate  of  an  image- 
intensif  ier  tube,  an  image-intensif ier  tube  usually  containing  three 
stages  of  intensification,  and  an  eyepiece  presenting  an  enlarged 
virtual  image  of  the  intensifier  display.  Low-light-level  television 
systems  incorporate  the  following:  an  objective,  one  or  more  inten¬ 
sifier  modules,  a  camera  tube,  fiber-optic  couplers,  a  video  signal 
amplifier,  and  a  monitor  containing  a  kinescope  for  displaying  a  real 
image  for  viewing.  The  incorporation  of  PEI  devices  in  visual  systems 
has  the  effect  of  decoupling  the  input  and  output  radiant  fluxes,  re¬ 
moving  some  of  the  optical  constraints  encountered  in  bino^uxar  sys¬ 
tems,  such  as  those  on: 

•  The  utilization  of  radiant  flux  outside  the  visible  spectrum 
and  generally  the  use  of  more  efficient  image  sensors  than 
the  eye. 
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•  Independent  adjustments  of  subjective  magnificat.  >n  and  flux 
collection  power. 

•  The  use  of  integration  times  longer  than  that  of  the  eye. 

•  The  time  required  for  dark  adaptation  (dark  adaptation  is  not 
required) . 

•  The  independent  choice  of  optimum  image  brightness  for  high 
visual  acuity  and  freedom  from  eyestrain. 

In  addition,  PEI  systems  may  provide  greater  flexibility  of  viewing 
through  the  use  of  remote -view  television  techniques.  In  practice, 
limitations  on  the  performance  of  PEI  systems  arise  because  of  imper¬ 
fect  technology  and  practical  restrictions  on  size,  weight,  and  cost. 

a.  Image-Intensif ier  Systems.  In  visual  systems  incorporating 
image  intensifiers ,  the  three  parameters,  (1)  subjective  magnifica¬ 
tion,  (2)  collection  power,  and  (3)  field  of  view,  can  be  adjusted 
independently,  in  contrast  to  binocular  visual  systems.  In  addition, 
the  threshold  sensitivity,  qaantu.  efficiency,  and  integration  time 
of  the  system  are  subject  to  optimisation  to  increase  visual  percc 
tion  at  low  values  of  scene  radiance.* 

In  image -intensif ier  systems,  if  sufficient  gain  is  pro- 
vidfeu,  "rhe  appearance  of  a  scintillation  on  the  display  will  educe  a 
visual  sensation  in  the  retina.  Hence,  the  quantum  efficiency  of  a 
visual  system  incorporating  an  image  intensifier  is  characteristic  of 
the  quantum  efficiency  of  the  in  age -sensing  surface  of  the  intensifier. 

If  the  duration  of  a  scintillation  produced  on  the  display 
of  an  image  intensifier  is  considerably  longer  than  the  integration 
time  of  the  eye,  the  'ffective  integration  time  of  the  complete  visual 
system  is  characteristic  of  the  integration  time  of  the  intensifier. 
Generally,  however,  image  intensifiers  are  designed  with  integration 


Each  of  the  parameters  is  considered  in  turn,  beginning  with  sub¬ 
jective  magnification,  in  Ref.  8. 
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times  comparable  to  that  of  the  eye  to  avoid  loss  of  visual  percep¬ 
tion  for  moving  targets. 

b.  Television  Systems.  Television  systems  for  low-light-level 
applications  offer  some  additional  degrees  of  design  flexibility  not 
available  to  direct-view  image -incensifier  systems.  Besides  the  pos¬ 
sibility  of  separating  the  position  of  the  image  sensor  from  the  image 
display,  it  is  possible  to  perform  contrast  enhancement  and  other 
forms  of  image  processing  by  means  of  associated  optical  and  computer 
systems  with  the  long-range  possibility  of  a  completely  automatic 
photoelectronic  imaging  and  decision-making  system. 

These  additional  degrees  of  design  flexibility  in  remote- 
view  television  systems  result  from  the  incorporation  of  an  additional 
conversion  process  not  found  in  direct-view  image  intensifies — the 
conversion  of  the  two-dimensional  electron  image  generated  at  the  pri¬ 
mary  photocathode  into  a  video  signal  current  by  means  of  sequential 
readout  of  the  image  elements  of  the  electron  image  on  the  camera-tube 
charge  storage  target.  The  conversion  of  the  electron  image  into  a 
video  signal  and  subsequent  amplification  may  introduce  a  limit  on 
sensitivity  not  associated  with  the  parameters  of  the  eye.  The  mini¬ 
mum  detectable  signal  current  will  be  determined  by  the  video  pream¬ 
plifier  noise  unless  sufficient  electron  multiplication  of  the  primary 

photoelectron  is  provided.  In  practice,  it  has  been  found  that  an 

4 

electron  multiplicav  ^n  of  about  10  is  required.  Electron  multiplication 
may  be  achieved  wivh  image -intensifier  modules  and/or  internal  electron 
multiplication  by  means  of  electron  bombardment  of  the  storage  target. 

If  sufficient  electron  multiplication  ahead  of  the  storage 
and  readout  system  is  provided,  the  video  current  will  consist  of  a 
coarse-grained  signal  current  of  large  pulses  reflecting  the  Poisson 
distribution  and  its  noise  in  the  signal  current — large  pulses  com¬ 
pared  to  th  usual  fine-grained  noise  current  of  the  preamplifier. 

The  luminous  image  formed  on  the  display  by  conversion  of  the  video 
current  will  consist  of  bright  scintillations  forming  the  image  and 
a  dim  background  randomly  generated  by  the  video  noise  current.  Under 
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these  conditions,  the  quantum  efficiency  of  the  total  visual  system 
comprising  the  remote-view  television  system  and  the  operator  will  be 
characteristic  of  the  primary  photocathode.  Threshold  sensitivity  and 
integration  time,  as  in  direct-view  image-intensif ier  systems,  will  be 
at  the  disposal  of  the  designer  subject  to  whatever  restrictions  are 
imposed  by  operational  requireme.  3,  size,  weight,  and  cost. 

The  same  flexibility  in  design  of  subjective  magnification 
and  radiant  flux  collection  power  exists  in  remote-view  television 
systems  as  in  direct -view  image-intensif ier  systems.  However,  the 
subjective  magnif ication  is  not  so  rigidly  specified.  The  difference 
lies  in  the  fact  that  the  magnification  between  the  display  and  the 
retina  depends  on  the  distance,  which  may  not  be  rigidly  controlled. 

The  field  of  view  of  a  television  system  is  determined  by 
the  size  of  the  primary  photocathcde  and  the  focal  length  of  the  ob¬ 
jective. 

2 .  Spectral  Response  of  Photocathodes 

The  effectiveness  of  a  photocathode  employed  in  a  low-light -level 
photoelectronic  imaging  (PEI)  system  largely  depends  on  the  match  be¬ 
tween  the  spectral  content  of  the  input  image  irradiance  and  the 
spectral  responsivity  of  the  photocathode.  The  principal  sources  of 
passive  nighttime  radiant  power  in  the  order  of  decreasing  magnitudes 
are  the  full  moon,  the  hydroxyl  emissions  of  the  upper  reaches  of  the 
atmosphere  known  as  airglow,  and  the  stars.  The  spectral  content  of 
moonlight,  of  course,  is  somewhat  similar  to  that  of  sunlight.  The 
airglow,  whose  integrated  spectral  radiant  power  (in  the  range  from 
0.6  to  1.6  microns)  is  only  a  factor  of  10  less  than  full  moonlight, 
exhibits  roughly  an  exponentially  increasing  spectral  radiant  power 
dependence  on  wavelength.  In  addition,  since  both  the  contrast  of 
many  military  targets  against  vegetation  increases  and  the  loss  of 
contrast  in  transmission  via  atmospheric  scattering  decreases  with 
increasing  wavelength  from  the  visible  into  the  near  infrared,  it  is 
valuable  in  low-light-level  PEI  systems  to  employ  photocathodes  with 
high  near-inf rared  response. 
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The  spectral  responses  of  several  typical  photocathodes  used  as 
image  sensors  in  PEI  systems  are  shown  in  Fig.  III-5.  The  S-l  sur¬ 
faces  are  sensitive  well  into  the  near  infrared  and  have  been  used  in 
conjunction  with  auxiliary  near-infrared  scene  irradiators  designed 
to  achieve  operational  covertness.  One  application  during  World  War 
II  was  the  sniperscope.  Altho  gh  the  S-10  surface  has  been  used  ex¬ 
tensively  in  commercial  broadcast  applications,  where  the  similarity 
between  its  spectral  response  and  that  of  the  eye  (shown  in  Fig.  III-l) 
is  prized,  it  is  cf  no  interest  in  the  design  of  low-light-level  PEI 
systems.  The  S-20  and  its  derivatives,  the  S-25  and  S-20VR,*  with 
their  high  responsivity  in  both  the  visible  and  near-infrared  portions 
of  the  spectrum,  are  the.  standard  photocathodes  employed  in  low-light- 
level  PEI  systems. 

The  value  of  the  mean  responsivity  of  an  S-10  surface  measured 
with  a  2854°K  lan  p  is  typically  0.8  ma/watt. 

One  of  the  first  steps  forward  in  low-light-level  imaging  was  the 
development  of  the  S-20  surface  with  a  tjj,  of  typically  3  ma/watt. 

This  surface  was  gradually  improved  by  extending  its  red  response  so 
that  by  the  mid-1960fs  values  of  ar,  equal  to  4  ma/watt  became  quite 
commonplace,  with  occasional  values  as  high  as  5  to  6  ma/watt.  As  the 
S-20  was  improved,  it  became  known  as  the  S-20XR  (XR  for  extended  red) 
and  was  finally  type-classified  as  the  S-25.  More  recently  even 
further  improvements  have  resulted  in  a  surface  which  is  tentatively 
described  as  the  S-20VR  t.VR  for  very  red),  whose  mean  responsivity  is 
reported  to  vary  from  5  to  9  ma/watt.  The  responsivity  of  the  S-20VR 
in  the  near  infrared  is  especially  notable.  Both  the  S-25  and  the 
S-20VR  will  be  used  in  calculations,  although  the  S-20VR  is  not  now 
as  commonly  available. 

If  the  thermionic  emission  or  dark  current  of  a  photocathode  is 
comparable  to  or  higher  than  the  photoelectric  current,  contrast  in 

*  . 

S-20VR  is  not  a  Joint  Electron  Device  Engineering  Council  (JEDEC) 
term  but  is  applied  to  the  recent  better  S-20  cathodes  by  Varo, 

Inc.,  and  others. 
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FIGURE  111-5.  Spectral  Responsivity  Versus  Wavelength  for  Several  Photoemhsive 
Photocathodes 
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the  output  image  of  a  scene  is  reduced.  The  thermionic  emission  or 

-11  -12  2 

dark  current  of  the  S-l  is  quite  high,  being  10  to  10  amp/cm  at 
room  temperature.  In  many  cases  it  is  necessary  to  cool  this  surface 
to  avoid  excessive  contrast  loss.  The  dark  current  of  the  S-10  is 
considerably  better  at  10-^  to  10-^  amp/cm^  but  is  still  higher 
than  desired  for  low-light-level  applications.  For  the  S-20  and  S-25 
surface,  dark  current  is  extremely  low  (10  ^  to  10  ^  amp/cm^)  and  is 
not  ordinarily  a  problem.  The  dark  current  of  the  S-20VR  is  oimilarly 
low. 

3.  Luminous  Conversion  Factor 

In  the  operation  of  a  low-light-level  PEI  system,  the  photoelec¬ 
tric  current  density  generated  at  the  primary  photocathode  is  first 
amplified  and  then  focused  onto  an  output  phosphor  where  a  radiant 
image  is  generated.  For  a  given  set  of  electrode  potentials  the  spec¬ 
tral  radiant  conversion  factor  of  an  image  intensifier  or  kinescope  is 
constant  over  a  range  of  incident  current  densities  from  near  zero 

to  near  a  saturation  value.  The  saturation  current  density  of  zinc 

2 

sulphide  phosphors  such  as  the  P-20  is  approximately  0.1  ma/cm  ,  in- 
'ependent  of  the  incident  electron  energy. 

The  relative  spectral  radiant  conversion  factor  as  a  function  of 
X  is  shown  in  Fig.  III-6  for  the  typical  modified  P-20  phosphor  used 
in  most  modern  image -intens if ier  tubes.  Comparison  of  the  spectral 
radiant  conversion  factor  of  the  modified  P-20  with  the  relative  spectral 
response  curve  of  the  ey  shown  in  Fig.  III-l  and  the  photocathode 
spectral  responsivity  curves  shown  in  Fig.  III-5  reveals  thav.  efficient 
optical  coupling  exists  between  this  phosphor  and  both  the  human  eye 
and  the  photocathodes  S-20  and  S-25. 

4.  Temporal  Response 

If  an  image  system  has  a  temporal  response  longer  than  that  of 
the  eye,  the  effect  is  to  smear  together  image  detail  when  an  input 
image  moves  across  the  photocathode.  In  an  intensifier  some  lag  due 
to  phosphor  decay  can  be  expected.  One  such  measurement  of  temporal 
response  performed  with  a  modulated  light  source  is  snown  in  Fig.  III-7. 
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RELATIVE  SPECTRAL  RADIANCE 


FIGURE  III— 6 .  Relative  Spectral  Radiance  of  a  Modified  P-20  Phosphor 
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The  temporal  response  at  the  normal  TV  frame  rate  (30  frames/sec)  is 
seen  to  be  quite  high  for  a  single-stage  intensifier  but  is  appreciably 
lower  for  three-stage  intensif iers.  Methods  of  measuring  and  specify¬ 
ing  temporal  responses  are  not  well  known,  but  such  measurements  and 
specifications  can  be  quite  important,  as  will  be  discussed  in  connec¬ 
tion  with  TV  camera  tubes. 


FIGURE  111—7.  Temporal  Response  of  Image  Intensifiors 


Although  intensifiers  do  exhibit  lag  effects  of  their  own,  their 
addition  to  a  system  can  reduce  overall  system  lag.  Most  camera  tubes, 
in  particular,  have  lag  characteristics  that  depend  on  light  level. 

That  is,  lag  increases  as  light  level  decreases.  By  increasing  light 
level  on  the  camera  tube,  the  increase  in  lag  due  to  an  added  inten¬ 
sifier  is  usually  more  than  offset  by  the  decrease  in  camera  lag. 
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5 .  Spatial  Frequency  Response 

In  the  process  of  detecting  the  input  image,  converting  it  into 
electrons,  focusing  it  onto  the  phosphor,  and  recreating  a  visible 
image,  contrast  is  lost  at  each  step  for  the  reason  that  aberrations 
cause  an  overlapping  of  the  radiance  pattern  on  the  display  produced 
by  the  input  image  irradiance.  In  the  limit  of  small-image  element 
sizes,  as  contrast  falls  below  a  few  percent,  detection  probability 
approaches  zero. 

Rather  than  reproduction  of  contrast  on  the  display  as  a  function 
of  image  element  size,  it  is  customary  to  consider  the  reproduction  of 
the  modulation  amplitude  of  a  sinusoidal,  spatially  modulated,  radiant 
test  pattern  as  a  function  of  spatial  frequency.  The  relation  between 
contrast  and  modulation  amplitude  is  described  below.  The  modulation 
transfer  function  (MTF)  or  sine-wave  response  of  a  PEI  system  is  de¬ 
fined  as  the  ratio  of  the  modulation  amplitude  of  the  display  image  to 
the  modulation  amplitude  of  the  input  image  on  the  photocathode  as  a 
function  of  spatial  frequency — normalized  to  unity  as  the  frequency 
approaches  zero.  The  sine -wave  response  coin  be  measured  by  projecting 
a  sine -wave  pattern  with  100  percent  modulation  onto  the  photocathode. 
First,  a  sine-wave  pattern  of  low  spatial  frequency  is  employed  and 
the  peak-to-peak  output  amplitude  is  noted.  With  this  amplitude  as  a 
reference,  the  pattern  spatial  frequency  is  increased  in  discrete 
steps.  At  each  step,  the  new  peak-to-peak  amplitude  is  measured  and 
the  ratio  of  this  amplitude  to  that  measured  at  the  low  spatial  fre¬ 
quency  is  formed.  The  plot  of  these  amplitude  ratios  as  functions  of 
pattern  spatial  frequency  constitutes  the  sine-wave  response. 

The  sine -wave  spatial  frequency  is  described  quantitatively  in 
terms  of  v,  the  number  of  cycles  (or  line  pairs)  per  millimeter  or, 
alternatively,  the  number  of  half  cycles  (or  lines)  in  some  dimension 
such  as  the  photocathode  diameter  or  height  of  the  display.  The  sine- 
wave  responses  of  a  typical  single-intensif ier  module  and  of  two-  and 
three -intensif ier  modules,  respectively,  in  cascade  with  unity  magnifi¬ 
cation  are  shown  in  Fig.  III-7.  In  general,  the  overall  sine-wave  re¬ 
sponse  of  several  components  in  cascade  is  given  by 
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T(vls>  V  =  Tl(vls/ml>T2<vl5/nll'n2)---Tn('ls/mlm2---mn)  (II1‘4) 


where  T(vls,  vn^)  is  the  overall  sine-wave  response  on  the  output 
phosphor  at  frequency  to  an  input  sine-wave  pattern  at  frequency 
vls*  T^(v,  /m^)  is  the  sine-wave  response  of  the  first  component, 
etc.;  m1  is  the  image  magnification  in  the  first  component,  and  so  on. 
Equation  III -4  results  from  observing  that: 

•  The  spatial  frequency  on  the  display  is  related  to  the  spatial 
frequency  on  the  sense?  by  =  vs/m. 

•  The  modulation  amplitude  M  at  the  input  to  the  second  compo¬ 
nent  is  equal  to  the  modulation  amplitude  at  the  output  of 
the  first  component. 

•  The  modulation  amplitude  at  the  output  of  each  component  is 
related  to  the  modulation  input  by  =  T(v/m)Ms. 

It  is  apparent,  on  referring  to  Fig.  III-8,  that  care  must  be  exer¬ 
cised  in  cascading  components  that  the  expected  increase  in  perform¬ 
ance  due  to  increased  intensifier  gain  at  the  desired  frequency  is  not 
cancelled  by  the  reduced  sine-wave  response  of  cadcadea  stages  at  that 
spatial  frequency. 

The  case  of  a  zoom  intensifier  merits  special  attention.  If  the 
zoom-jntensifier  sine-wave  response  were  unity  at  all  spatial  fre¬ 
quencies,  resolution  would  be  unlimited  in  both  wide-angle  and  narrow- 
angle  modes.  Since  the  wide-angle  mode  also  covers  more  viewfield, 
there  would  be  little  point  to  zoom  with  consequent  reduction  of  view- 
field.  As  a  practical  matter,  the  sine-wave  response  of  the  intensi¬ 
fier  is  limited  by  aberrations  in  the  electron  optics  and  the  phosphor 
particle  sizes.  The  sine-wave  response  of  a  zoom  intensifier  in  both 
wide-  and  narrow-angle  modes  is  shown  in  Fig.  Ill -9.  As  the  viewfield 
is  decreased,  going  from  the  wide-  to  the  narrow-angle  modes,  image 
magnification  increases  from  m^  to  m^  in  the  same  ratio.  Consequently, 
the  spatial  frequency  scale  of  the  sine -wave  response  curve  is  com¬ 
pressed  by  the  factor  rr^/m^  or,  alternatively,  on  the  same  frequency 
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SINE-WAVE  RESPONSE  s  sine-wave  response 


FIGURE  1 1 1  —9 .  Response  of  a  Zoom  Intensifier  Referred  to  the  Input  Photocathode 


scaxe  the  abscissa  of  points  on  the  curve  may  be  multiplied  by  m^/m^, 
shifting  the  entire  curve  as  indicated  in  Fig.  III-9.  Specifically, 
for  an  80/25-mm  zoom  tube,  the  magnification  increases  from  approxi¬ 
mately  1/3  to  unity  as  the  viewfield  is  decreased,  and  the  abscissa 
of  points  on  the  wide-angle  curve  at  a  given  response  is  shifted  in 
the  narrow  field  mode  by  approximately  three  times  the  frequency. 

Thus,  some  of  the  higher  sine-wave  response  at  a  given  target  spatial 
frequency  in  the  narrow~anglc  mode  is  sacrificed  in  the  wide-angle 
mode  for  the  sake  of  wider  viewfield.  On  the  other  hand,  greater 
brightness  gain  is  realized  and,  if  sufficient  brightness  gain  is  not 
otherwise  provided,  may  provide  some  improvement  in  performance. 

For  evaluation  of  the  overall  performance  of  a  complete  visual 
system  comprising  both  the  human  operator  and  the  PEI  system,  it  is 
also  necessary  to  consider  the  spatial  frequency  response  of  the  eye 
and  the  relation  between  frequency  on  the  display  and  on  the  retina. 
Since  it  is  not  feasible  to  monitor  the  spatial  dependence  of  the 
electrical  signals  generated  in  the  eye  as  a  function  of  spatial  var¬ 
iations  in  the  irradiance  of  the  retina,  it  is  not  possible  to  make  a 
direct  measurement  of  the  spatial  frequency  response.  Rather,  spatial 
frequency  response  can  only  be  indirectly  inferred  from  measurements 
of  the  modulation  amplitude  of  a  sine-wave  test  pattern  required  by 
the  eye  for  some  specified  detection  probability  and  the  signal-to- 
noise  ratio  theory  of  detection  probability.  The  dependence  of  de¬ 
tection  probability  on  the  signal-to-noise  ratio  at  the  decision  cen¬ 
ters  of  the  brain,  because  it  involves  such  parameters  as  the  quantum 
efficiency  and  the  temporal  and  spatial  bandwidths  of  the  eye,  is  in¬ 
complete.  However,  the  required  modulation  function  alone  is  suffi¬ 
cient  to  make  predictions  of  the  overall  performance  of  a  PEI  system 
and  its  operator. 

The  frequency  scale  of  the  required  modulation  function  depends 
on  the  distance  from  the  eye  to  the  display  of  a  television  monitor 
or  the  subjective  magnification  (Ifi)  of  an  eyepiece.  For  example,  if 
the  viewing  distance  were  30  inches,  ffi  would  be  1/3. 
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The  required  modulation  as  a  function  of  frequency  in  cycles  per 

inch  calculated  from  retinal  modulation  sensitivity  curves  published 

by  A.  van  Meeteren  (Ref.  9)  is  shown  in  Fig.  III-10  for  a  subjective 

magnification  of  unity  and  three  lumina  ce  levels.  These  curves  were 

determined  under  conditions  such  that  for  a  given  -display  luminance 

the  signal -to -noise  ratio  is  maximum,  and  hence  the  curves  represent 

2 

the  minimum  required  modulation  functions.  The  curve  at  0.,52  cd/m  or 
0.15  ft-L  corresponds  approximately  to  the  usual  luminance  working 
level  of  an  image  intensifier  display.  Figure  III-10  reveals  that  re- 
duction  of  display  luminance  below  0.52  cd/m  has  a  dramatic  effect  on 
the  required  modulation  function,  while  increases  in  display  luminance 
have  a  much  smaller  relative  effect. 


DISPLAY  SPATIAL  FREQUENCY 

ST4-28-70-I 

FIGURE  111-10.  Minimum  Required  Modulation  cor  Detection  of  Sine-Wave  Pattern 
by  Eye  (Ref.  9} 
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The  relation  between  the  minimum  required  modulation  functions 
and  the  output  modulation  of  a  typical  low- light -level  television  sys¬ 
tem  is  shown  in  Fig.  III-lla  and  t  at  two  display  luminances,  as  in¬ 
dicated.  In  Fig.  III-lla  and  b,  for  30  percent  input  modulation,  the 
output  modulation  of  a  single-stage  noise-free  but  otherwise  typical 
low-light-level  television  tube  as  a  function  of  spatial  frequency  is 
shown  in  conjunction  with  the  required  modulation  at  viewing  distances 
equal  to  six  and  three  times  the  raster  height.  The  frequencies  at 
the  intersections  of  the  required  modulation  and  output  modulation 
curves  are  the  resolution  values  of  the  eye-display  combination  under 
the  assumed  conditions.  In  Fig.  Ill-lib,  increasing  the  viev/ing  dis¬ 
tance  from  three  to  six  times  the  raster  height  reduces  the  resolution 
from  roughly  500  to  350  television  lines  per  raster  height. 

In  image -intens if ier  systems  the  subjective  magnification  of  the 
eyepiece  is  typically  seven  times,  which  is  equivalent  to  a  viewing 
distance  of  only  1.4  in.  Therefore,  both  the  required  modulation  of 
the  eye  and  the  resolution  are  determined  by  the  output  luminance  fluc¬ 
tuations.  However,  an  exception  may  arise  in  single-stage  demagnifying 
image  intensif iers ,  where  both  M  and  the  display  luminance  may  become 
low  compared  to  their  corresponding  values  in  a  conventional  multistage 
image  intensif ier. 

It  is  important  in  the  design  of  both  remote -view  television  and 
direct -view  image -intens if ier  systems  to  present  the  output  image  to 
the  eye  at  sufficient  luminance  and  angular  size  that  the  required 
modulation  is  little  affected  by  the  optical  properties  of  the  eye  and 
the  neurological  organization  of  the  retina  but  rather  by  the  funda¬ 
mental  effects  of  output  luminous  fluctuations  on  the  decision  process. 

It  has  been  determined  empirically  (Part  II)  that  excellent  cor¬ 
relation  exists  between  the  subjective  quality  of  aerial  photographs 
and  the  modulation  transfer  function  area  (MTFA)  bounded  by  the  ordi¬ 
nate  axis,  che  image  modulation  function  of  the  photograph,  and  the 
required  modulation  function  of  the  eye.  The  rationale  for  the  choice 
(Ref.  10)  of  the  MTFA  as  an  overall  measure  of  picture  quality  and 
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MODULATION  MODULATION 


SPATIAL  FREQUENCY,  TV  linevWcr 

S  3-15—71 - 12 

FIGURE  III— 1 1 .  The  Ultimate  Limit  for  Visibility  as  a  Function  of  Brightness  and 
Viewing  Distance.  (Output  Modulation  for  30  Percent  Input 
Modulation  to  a  Noise-Free  but  Otherwise  Typical  Low- Ught- Level 
Television  Tube  and  Required  Modulation  for  Viewing  Distance  S 
Equal  to  Six  and  Three  Times  Raster  Height  H.  The  Noise  Level  for 
the  Data  is  Determined  Only  by  the  Electric  Noise  Generated  in  the 
Eye  Due  tp  the  Photon  Nature  of  the  Display  Luminance.) 


\ 
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©  iserv^r  performance  is  eased  or.  the  ©hservatier,  char  easy  detection 
of  a  particular  spatial  frequency  requires  chat  the  scdul  Cion  should 
be  as  high  as  possible  (conspicuous)  above  that  required  by  the  eye, 
for,  say,  50  percent  detection  probability  with  unlimited  viewing  time. 
In  aerial  photograpns,  all  spatial  frequencies  are  generally  of  in¬ 
terest.  Hence,  the  MTFA  was  proposed  as  an  overall  measure  of  observer 
performance  and  picture  quality.  In  the  visual  observation  of  photo¬ 
graphs,  the  modulation  required  by  the  eye  at  low  spatial  frequencies 
depends  on  the  properties  of  the  visual  system.  At  higher  spatial 
frequencies,  fluctuations  in  grain  size  set  the  requirement  and  cause 
the  required  modulation  to  rise. 

In  case  of  low  !uput  image  irradiance  to  PEI  systems,  a  rise 
in  required  modulation  with  increasing  frequency  is  observed  that  is 
due  to  fluctuations  in  the  output  luminance  produced  by  scintaillations 
on  the  display.  While  the  required  modulation  function  depends  on  the 
optics  and  neurological  organization  of  the  eye  at  high-input  irradi¬ 
ance,  at  low-input  irradiance  the  required  modulation  function  is 
largely  determined  by  the  effects  of  luminance  fluctuations  at  the 
display  on  the  decision  process.  A  different  required  modulation 
curve  occurs  at  low-input  irradiance  for  each  photocathode  at  each 
input  irradiance.  The  effect  of  fluctuations  on  the  required  modula¬ 
tion  function  of  the  eye  is  discussed  further  below. 

6.  Theory  of  Performance  of  Photoelectronic  Imaging 

The  probability  of  correctly  identifying  a  known  signal  in  the 
presence  of  noise  is  a  function  of  the  signal-to-noise  ratio.  It  has 
been  demonstrated  by  Rose  (Ref.  6),  Sohade  (Ref.  .11),  Coltman  (Ref. 

12),  and  Coltman  and  Anderson  (Ref.  13)  that  the  probability  of  de¬ 
tecting  simple  targets,  such  as  disks  on  a  uniform  background,  bar 
patterns,  and  sine-wave  patterns,  depends  on  the  signal-to-nois 3  ratio 
of  the  image  formed  on  the  display.  They  concluded  that  in  an  image 
formed  by  scintillations  (under  low  brightness  conditions,  when  fluc¬ 
tuations  in  intensifier  gain  and  internal  sources  of  noise  can  be 
neglected),  the  signal  is  proportional  to  the  average  difference  in 
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the  number  of  scintillations  generated  at  adjacent  image  elements  per 
sampling  time  (the  effective  integration  time  of  the  eye),  and  the 
noise  is  proportional  to  the  root -mean-square  value  of  the  fluctua¬ 
tions  in  the  difference. 

The  primary  source  of  noise  at  the  input'  of  a  PEI  system  arises 
from  shot  noise  inherent  in  the  photoelectric  current  generated  at  the 
photocathode  by  random  absorption  of  the  incident  photon  flux.  It  is 
observed  that  the  numbers  arriving  on  a  small  area  of  the  sensor  in 
equal  intervals  of  time  obey  the  Poisson  distribution  function.  The 
root -mean-square  value  of  the  fluctuations  about  the  average  number 
is  equal  to  the  average  number.  Such  temporal  fluctuations  constitute 
noise  tha  inhibits  image  perception  and  reduces  detection  probability 
per  glimpse. 

For  a  given  input-image  element  size  and  sampling  time,  the 
signai-to-noise  ratio  of  the  output  image  is  determined  by  four  prop¬ 
erties  of  the  PEI  system: 

1.  The  size  of  the  entrance  pupil  of  the  objective. 

2.  The  quantum  efficiency  of  the  photocathode. 

3.  The  internal  generation  of  noise,  such  as  shot  noise  in 
thermionic  current  (fluctuations  in  electron  multiplication 
processes  and  Johnson  noise  in  the  input  resistor  of  the 
video  amplifier) . 

4.  The  degree  to  which  the  input  image  can  be  reproduced  on  the 
display  without  overlap  of  the  luminance  of  adjacent  image 
elements,  i.e.,  the  modulation  transfer  function. 

-In  image -intens if ier  tubes.,  thermionic  current  and  fluctuations 
in  electron  multiplication  are  generally  negligible  compared  to  the 
shot  noise  of  the  photocathode  current.  In  low-light-level  television 
systems,  if  high  intensifier  gain  is  provided,  the  video  amplifier 
output  current  consists  of  a  coarse-grained  current  of  large  pulses 
and  a  fine-grained  noise  current.  The  large  pulses  result  from  charge 
pulses  evoked  by  emission  of  an  electron  from  the  photocathode  and  by 
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electron  multiplication  increased  to  several  thousand  electrons  befo* 

the  video  amplifier.  The  fine-grained  noise  current  in  tubes  without 

electron  multipliers  largely  results  from  random  thermal  generation 

in  the  first  stage  of  the  video  preamplifier.  Intensification  of  a 

4 

primary  photoelectron  by  a  factor  of  approximately  10  at  sta  a^d 
scan  rates  is  sufficient  to  overcome  the  effect  of  video  noise  in  the 
output  image. 

5 

As  ar.  example,  if  the  storage  target  comprises  5  x  10  storage 
elements  and  the  frame  time  is  1/30  sec,  the  readout  time  of  one 

ft  _q 

storage  element  is  6.7  x  10  sec.  For  a  readout  time  of  6.7  x  10 

4 

sec  and  primary  electron  intensification  of'  10  ,  the  average  pulse 
current  due  to  a  single  photoelectrcn  will  be  roughly  24  na,  providing 
an  average  pulse-current  signal-to-video  amplifier  noise  ratio  of  10 
at  the  input  to  a  good  video  preamplifier.  Primary  electron  intensi¬ 
fication  of  104  can  be  easily  obtained  with  a  combination  of  a  one- 
stage  image  intensifier  and  SEBIR  tube,  can  be  just  barely  obtained 
with  a  one -stage  image  intensifier  and  SEC  vidicon  combination,  and 
cannot  Le  realized  with  a  double  image  intensifier  and  plumbicon  or 

4 

vidicon  combination.  The  required  factor  of  10  requires  three  cas¬ 
caded  intensif iers  for  an  intensifier  vidicon  camera.  However,  more 
intensification,  at  a  sacrifice  in  frequency  response,  is  obtained  by 
cascading  more  intensifier  stages. 

The  steps  followed  in  the  analysis  of  photcelectronic  imaging 
systems  consist  in  calculating  the  signal  and  the  noise,  forming  the 
signal-to-noise  ratio,  setting  it  equal  to  unity,  and  solving  for  the 
modulation,  i.e.,  the  noise -equivalent  modulation  (NEM).  The  modula¬ 
tion  required  by  the  eye  is  then  determined  by  multiplying  the  NEM  by 
the  signal-to-noise  factor  k  required  by  the  observer  to  make  correct 
decisions  of  a  giver,  probability. 

The  chief  result  of  the  analysis  of  image  intensif iers  is  given 
by  the  following  equation*  for  the  required  modulation  Mfc: 


The  derivation  of  Eq,  III-5  is  given  in  Section  IV-F  of  Ref.  8. 
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(HI-5) 


Mt  =  3.f?TTVos/(2^st)% 

where  3.8  is  the  S/N  factor  k  (Ref.  14),  e  is  the  length -to -width  ratio 
of  a  half  period  of  a  sine-wave  test  pattern,  vQS  is  the  spatial  fre¬ 
quency  of  the  test  pattern  at  the  photocathode  in  cycles/mm,  n  is  the 

s  2 

photoelectron  emission  of  the  primary  photocathode  in  electrons/mm  - 
sec,  and  t  is  0.2  sec — the  effective  integration  time  of  the  eye  and 
phosphor.  Higher  values  or  would  be  required  if  higher  detection 
probability,  shorter  detection  time,  or  detection  under  field  condi¬ 
tions  rather  than  laboratory  conditions  were  required. 

For  low-light-level  television  systems,  it  is  convenient  to  ex¬ 
press  the  modulation  required  by  the  eye  in  the  form 

Mt  =  3.8nN/[6e(is/e)t]^  (III-6) 


where  N  is  the  number  of  television  lines  per  raster  height,  e  is  the 
length -to -width  ratio  of  a  half  period  of  the  test  pattern,  t  is  0.2 
sec,  the  integration  time  of  the  eye,  e  is  the  magnitude  of  the  elec- 
tron  charge  in  coulombs,  i  =  e  n  (4/3)H  is  the  total  primary  photo- 
cathode  current,  and  H  is  the  height  of  a  raster  on  the  photocathode. 
Equation  III-6  applies  to  low-] ight-level  television  systems  with  suf¬ 
ficient  intensifier  gain  that  the  output  signal-to-noise  ratio  is 
negligibly  affected  by  the  video  preamplifier  noise. 

The  overall  performance  of  a  low-light-level  PEI-human  eye  system 
at  a  given  scene  radiance  is  essentially  specified  by  the  frequency 
response  (modulation  transfer)  function  and  the  required  modulation 
function  of  the  eye.  For  example 9  output  modulation  functions  for 
several  values  of  input  modulation,  calculated  curves  of  required  mod¬ 
ulation  for  several  values  of  primary  photocathode  current,  and  mini- 

o 

mum  required  modulation  functions  at  display  luminances  of  0.52  cd/m 
2 

and  7.72  cd/m  are  shown  in  Fig.  III-12  for  a  typical  triple  image  in¬ 
tensifier  and  in  Fig.  III-13  for  a  typical  low-light -level  television 
system. 
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MODULATION  AMPLITUDE 


SPATIAL  FREQUENCY,  cyclw/mm 

S  3-15-71  -• 


FIGURE  III*  i2.  (a)  Output  Modulation  of  Typical  Triple  Image  intensifier  for  Input 

Modulation  Values  M$  of  1.0,  0.7,  0.3,  and  0.1  and  (b)  Theoretical 

Modulation  M^  Required  by  the  Eye  for  Values  of  Photocathode  Current 

Density  js  of  10"16,  4  x  !0"16,  10_15,  4  x  lo'15,  10_U,  4  x  10“14, 
"13  2 

and  10  amp/mm  .  Experimental  Limiting  Required  Modulation 

2  2 

Curves,  Labeled  0.52  cd/m  and  7.72  cd/m  ,  are  for  an  M  =  7  Ocular. 


MODULATION  AMPLITUDE 


FIGURE  111-13.  (a)  Output  Modulation  of  Typical  Low- Ught- Level  Television  for  Input 
Modulation  Values  M^  of  1 .0,  0.7,  0.3,  and  0.1  and  (b)  Theoretical 

Modulation  Required  by  the  Eye  for  Primary  Photocathode  Current  i  of 

-13  -12  -11  -10  S 

10  ,10  ,10  ,  and  10  amp.  Experimental  Limiting  Required 

?  2 

Modulation  Curves,  Labeled  0.52  cd/m'  and  7.72  cd/m  ,  are  for  a 
Viewing  Distance  Equal  to  Three  Times  the  Raster  Height. 


These  figures  depict  the  following  information: 

•  The  ratio  of  the  output  modulation  to  the  required  modulation 
at  a  given  spatial  frequency,  equal  to  1/3.8  times  the  output 
signal-to-noise  ratio. 

®  At  the  intersection  of  a  given  output  modulation  and  required 
modulation  curve,  the  value  of  the  output  signal-to-noise 
ratio  is  just  3.8,  the  minimum  required  for  50  percent  detec¬ 
tion  probability.  Hence,  the  corresponding  value  of  spatial 
frequency  at  the  point  of  intersection  is  the  resolution  fre¬ 
quency  of  the  PEI -human  eye  system  for  test  patterns  of  a 
given  modulation  and  radiance. 

It  is  interesting  to  note,  first,  that  the  value  of  required  mod¬ 
ulation'^  at  the  resolution  frequency  is  not  1.5  percent,  as  commonly 
supposed,  but  depends  on  the  primary  photocathode  current  density  de¬ 
termined  by  the  " apparent”  radiance  of  the  test  pattern,  the  f -number 
of  the  objective,  and  the  mean  responsivity  of  the  photocathode.  Sec¬ 
ond,  it  is  interesting  to  note  that  the  limiting  resolution  frequency 
at  low  input  irradiance  is  not  proportional  to  the  square  root  of  the 
nrimary  photocathode  current  density  but  rather  is  relatively  insensi¬ 
tive  to  it. 

The  common  assumption  that  'esolution  frequency  is  proportional 
to  the  square  root  of  the  mean  responsivity  owes  its  origin  to  the 
earliest  papers  (Refs.  6,  12)  on  the  signal-to-noise  theory  of  reso¬ 
lution,  in  which  the  authors  did  not  include  consideration  of  the 
frequency-response  function.  This,  in  effect,  amounts  to  assuming  an 
ideal  flat  frequency-response  function.  For  example,  in  Fig.  III-12 
this  assumption  would  result  in  the  output  modulation  curves  becoming 
horizontal  lines.  The  intersections  of  the  required  modulation  curves 
with  these  horizontal  lines  of  output  modulation  would  then  yield  the 


* 

At  low  modulation,  the  contrast  is  about  twice  the  modulation  value. 
For  the  relation  between  modulation  amplitude  and  contrast,  see  Eq. 
52,  Ref.  8. 


133 


proportionality  of  resolution  frequency  on  the  square  root  of  mean 
responsivity.  However,  due  to  the  rapid  roll-off  of  frequency  response 
with  increasing  frequency,  the  resolution  frequency  is  quite  insensi¬ 
tive  to  responsivity. 

The  relative  importance  of  responsivity  and  frequency  response 
to  performance  is  discusseo  further  ir  Part  IV,  where  specific  image 
intensifier  tube  structures  are  described. 
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IV.  IMAGE -INTENSIFIER  TUBE  STRUCTURES 


by  Alvin  D.  Schnitzlor 

A.  BASIC  SINGLE-STAGE  STRUCTURE 

Night -vision  systems  incorporate  a  variety  of  image -intensifier 
devices,  often  in  combinations,  designed  to  meet  various  operational 
conditions  and  military  requirements.  The  physical  electronic  func¬ 
tions  performed  in  image  intensif iers  include : 

•  Conversion  of  the  radiant  image  formed  on  the  image -sensor 
surface  into  an  electron  image, 

•  Intensification  of  the  electron  image,  and 

•  Conversion  of  the  intensified  electron  image  formed  on  the 
display  surface  into  a  visual  image 

By  far  the  most  sensitive  image -intensifier  devices — and  the  only  ones 
found  to  be  useful  at  low  radiation  levels — rely  on  photoelectron 
emission  in  vacua  for  radiant-to -electron  image  conversion,  though 
photoemission  is  not  as  efficient  a  conversion  process  as  the  internal 
photoelectric  effect  in  photoconductors.  Photoemissive  devices  are 
superior  because  in  the  internal  electron-multiplication  process,  the 
mean  free  path  of  hot  electrons  is  so  short  that  the  high  electric 
field  required  to  achieve  multiplication  results  in  background  current 
exceeding  the  photoelectric  current  at  low  radiation  levels  by  many 
orders  of  magnitude.  Another  essential  advantage  of  vacuum  photoemis¬ 
sion  is  that  the  process  is  extremely  fast  and  free  of  the  capacitive 
lag  problem  inherent  in  photovoltage-dependent  image  sensors  such  as 
the  vidicon  and  the  velocity  selector  tube. 

In  addition  to  brightness  gain,  image  intensif iers  can  be  used  to 
provide  viewf ield  zoom  by  simple  electronic  means .  They  are  also 
simply  coupled  to  television  pickup  tubes  to  increase  their  sensitivity. 
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The  simplest  and  earliest  developed  (publications  on  them  appeared 
in  the  1930’s)  image  intensifies  (Ref.  1)  consist  of  a  photocathode, 
an  electron  lens,  and  a  phosphor  screen.  The  power  that  provides  the 
possibility  for  image  intensification  comes  from  that  absorbed  by  the 
electrons  falling  through  the  potential  difference  between  cathode 
and  phosphor.  If  the  potential  difference  is  several  thousand  volts, 
the  high-energy  electrons  impinging  on  the  phosphor  screen  will  pro¬ 
duce  many  electron-hole  pairs,  which  subsequently  recombine  to  yield 
many  output  light  quanta.  Focusing  of  the  electron  image,  generated 
by  the  radiant  image  incident  on  the  photocathode,  onto  the  phosphor 
screen  by  either  (1)  proximity  focusing,  (2)  electrostatic  focusing, 
or  (3)  magnetic  focusing  gives  rise  to  three  types  of  basic  image- 
intensifier  tubes. 

Proximity  focusing  depends  on  accelerating  the  photoemitted  elec¬ 
trons  in  their  parabolic  paths  so  that  the  transit  time  from  cathode 
to  phosphor  is  so  short  that  the  transverse  distance  traveled  by  the 
electrons  is  negligible.  Disadvantages  of  this  method  of  electron 
focusing  are: 

•  The  high  electric  fields  required  tend  ,o  cause  cold-electron 
emission,  which  exhibits  shot  noise  and  reduces  contrast  in 
the  image  produced  at  the  screen. 

•  The  close  spacing  required  makes  the  preparation  of  the  photo - 
cathode  difficult. 

Electrostatic  focusing  of  electrons  results  from  superposition  of 
a  radially  symmetric  field  and  the  longitudinal  electric  field  in  the 
space  between  cathode  and  screen.  Such  an  electrostatic  lens  is  cap¬ 
able  of  forming  a  first-order  image  and  is  analogous  to  a  glass  lens 
with  variable  index  of  refraction  (the  square  root  of  the  electric 
potential  at  each  point  corresponding  to  the  index  of  refraction) . 
Unfortunately,  electrostatic  lenses  are  subject  to  severe  aberrations, 
including  curvature  of  the  image  field,  astigmatism,  and  radial  dis¬ 
tortion.  It  has  not  been  found  practical  to  design  electrostatic 
lenses  to  provide  a  good  extended  image  when  a  flat  cathode  is  employed. 
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However,  by  proper  curvature  of  the  cathode,  both  curvature  of  image 
field  and  radial  distortion  can  be  reduced  so  that  the  resolution  over 
an  extended  image  several  centimeters  in  diameter  exceeds  the  phosphor 
capabilities. 

Magnetic  focusing  of  electrons  emitted  by  the  photocathode  re¬ 
sults  from  superposition  of  a  strong,  uniform  axial  magnetic  field  and 
the  electric  field  in  the  space  between  cathode  and  screen.  Emitted 
electrons  traverse  helical  paths  under  the  influence  of  the  uniform 
parallel  electric  and  magnetic  fields,  and,  independent  of  their  ini¬ 
tial  lateral  velocities,  all  electrons  emitted  from  a  point  come  to¬ 
gether  to  form  image  points  periodically  after  each  complete  cycle. 

The  phosphor  screen  is  generally  placed  at  the  first  image  point.  The 
chief  advantage  of  the  magnetic  lens  is  that  high  resolution  can  be 
obtained  with  a  flat  photocathode.  However,  exact  adjustment  and 
regulation  of  the  electric  and  magnetic  fields  are  necessary  for  good 
resolution  requiring  well-regulated  power  supplies.  Moreover,  mag¬ 
netic  lenses  are  generally  bulky.  Therefore,  the  most  commonly  used 
method  of  electron  focusing  in  image  intensifies  of  low  to  moderate 
resolution  is  electrostatic  focusing. 

A  typical  module  of  an  electrostatically  focused  image  intensifier 
is  shown  in  Fig.  IV-1.  It  consists  of  an  evacuated  glass  envelope  with 
a  photocathode  on  the  inner  surface  of  one  fiber-optic  plate  and  a 
phosphor  on  the  other.  The  inner  surface  of  the  fiber-optic  plates 
are  curved  to  minimize  image  distortion.  The  photoelectron  image  is 
greatly  accelerated  and  focused  onto  the  phosphor,  which  recreates 
the  original  image  in  correct  spatial  correspondence,  except  that  the 
image  is  inverted  top  for  bottom  and  right  for  left.  To  prevent  feed¬ 
back  of  phosphor  light  to  the  photocathode,  the  internal  cone-shaped 
electrode  is  blackened  and  the  inner  surface  of  the  phosphor  is  alumi¬ 
nized.  The  light  that  emanates  from  the  output  plate  is  diffused,  so 
that  when  coupling  to  other  intensif iers,  both  first-stage  output  and 
second-stage  input  plates  must  be  optically  flat  and  tightly  joined. 


PHOTOCATHODE  PHOSPHOR 


FIGURE  I V— 1 .  Schematic  of  a  Single-Stage  Image  intensifier 

The  maximum  accelerating  voltage  is  typically  15  kv.  At  higher 
voltages,  the  dark  current  rapidly  increases,  and  difficulties  with 
positive -ion  bombardment  of  the  photocathode  may  be  encountered.  Some 
control  over  image  brightness  can  be  achieved  by  reducing  the  acceler¬ 
ating  voltage  (about  10  to  15:1),  but  at  voltages  much  below  2  to  3 
kv  the  image  will  lose  focus  and  rotate. 

If  the  magnification  is  made  variable  and  an  increase  in  magnifi¬ 
cation  is  accompanied  by  a  decrease  in  viewfield,  then  one  has  elec¬ 
tronic  zoom.  This  can  be  accor  Wished  by  reducing  the  effective  area 
of  the  input  photocathode  while  maintaining  the  same  size  of  the  image 
field  on  the  phosphor.  A  zoom  intensifier  in  which  the  input  photo- 
cathod*3  area  is  variable  is  shown  in  Fig.  IV-2.  In  this  tube,  the 
amount  of  photocathode  area  that  is  imaged  on  the  phosphor  is  electronically 
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variable  by  changing  potentials  on  various  internal  focus  electrodes. 
In  current  practice,  a  zoom  of  up  to  3:1  viewfield  can  be  provided 
while  maintaining  the  image  field  on  the  phosphor  at  full  size. 


FIGURE  IV-2.  Schematic  of  an  "Electronic  Zoom"  intensifier 


The  most  common  intensifier  module  sizes  are  16/16,  18/18,  25/25, 
40/18,  40/25,  40/40,  60/18,  80/25,  and  80/40  mm,  where  the  first  num¬ 
ber  refers  to  the  photocathode  diameter  and  the  last  refers  to  the 
phosphor  diameter.  The  approximate  dimensions  are  given  in  Table  IV-1. 
These  sizes  vary  considerably  from  manufacturer  to  manufacturer  but 
may  be  thought  of  as  representative. 
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TABLE  IV-1.  TYPICAL  INTENSIFIES  DIMENSIONS 


Intensifier 


Photocathode/Phosphor 

Dia . ,  mm 

Zoom 

Range 

Length, 

in. 

Diameter; 

in. 

16/16 

.  1:1 

1.65 

1.16 

18/18 

1:1 

2.0 

1.35 

25/25 

1:1 

2.4 

2.0 

40/25 

1:1 

5.4 

4.0 

40/40 

1:1 

3.7 

3.0 

60/18 

3:1 

6.0 

3.7 

80/25 

3.1 

8.0 

6.0 

80/40 

3:1 

8.0 

6.0 

Exclusive  of  high-voltage  insulation 


B.  CASCADE  IMAGE  INTENSIFIERS 

Early  interest  in  image  intensifies  was  stimulated  by  concern 
for  increasing  the  sensitivity  of  television  camera  tubes.  However, 
the  technology  of  photocathodes  and  phosphor  screens  had  not  then 
developed  to  the  point  where  intensification  could  be  achieved.  The 
best  available  cathodes  at  the  time  were  the  3ilver-oxygen-cesium 
photoemitters,  and  their  sensitivity  to  near-infrared  radiation  stimu¬ 
lated  an  interest  in  infrared  image  conversion.  During  World  War  II, 
infrared  image -converter  tubes  were  manufactured  and  incorporated  into 
Snooperscopes  for  use  by  the  Army.  Conversion  efficiencies  were  too 
low  for  passive  operation,  and  it  was  necessary  to  irradiate  the  scene 
with  infrared. 

With  the  development  of  the  cesium  antimony  cathode  (Ref.  2)  and 
advances  in  phosphor  technology,  it  became  possible  in  the  1940's  to 


_ _ _  _ _  _  •-  ... 

achieve  intensifier  gain  with  a  simple  photocathode -phosphor  scrten 
tube.  Dating  from  the  1930’s,  the  concept  of  achieving  high  intensi¬ 
fier  gains  by  cascading  stages  was  now  technically  feasible.  As  a 
result  of  the  loss  of  resolution  due  to  lateral  diffusion  of  light  as 
it  passes  through  the  glass  windows  between  the  phosphor  screen  of  one 
tube  and  the  photocathode  of  the  next,  it  was  not  feasible  to  simply 
cascade  single-stage  tubes.  Rather,  it  was  necessary  to  fabricate 
dynodes  consisting  of  a  thin  supporting  membrane  of  glass  or  mica 
coated  on  one  side  with  a  phosphor  layer  and  on  the  other  with  a  semi¬ 
transparent  photocathode  for  mounting  in  a  single  glass  tube  envelope. 
The  chief  drawback  to  these  phosphor-photocathode  multistage  tubes, 
besides  their  expense,  was  the  necessity  of  applying  magnetic  focusing 
between  the  flat  dynodes  to  avoid  curvature  of  the  electron  image 
field  and  radial  distortion.  An  important  application  of  phosphor- 
photocathode  multistage  tubes  is  to  astronomy,  where  size  and  expense 
are  not  considered  to  be  a  serious  hindrance  to  their  acceptance. 

Another  tube,  somewhat  similar  in  nature,  became  feasible  with 
the  development  in  the  1950’s  of  transmission  secondary  emission  multi¬ 
plier  dynodes  (Ref.  3),  consisting  of  an  aluminum  oxide  supporting 
film  coated  on  one  side  with  a  thin  metal  film  electrode  on  which  is 
deposited  a  semiconductor  of  low  electron  affinity,  such  as  potassium 
chloride,  which  serves  as  the  secondary  emitter.  Photoexcited  elec- 
crons  emitted  from  the  cathode  gain  sufficient  energy  from  an  applied 
electric  field  between  the  cathode  and  dynode  to  penetrate  the  alumi¬ 
num  oxide,  the  metal  film  electrode,  and  the  semiconductor  where  most 
of  the  energy  is  absorbed.  Typically  4  to  8  transmission  secondary 
electrons  are  emitted  into  the  vacuum  from  the  semiconductor  and,  in 
turn,  are  accelerated  to  impinge  on  a  second  dynode.  As  many  as  4  or 
5  dynodes  may  be  used  to  achieve  electric  current  gains  of  the  order 
of  10,000.  Due  to  the  difficulty  of  obtaining  the  right  curvature  of 
'.he  thin  dynodes  for  electrostatic  focusing,  flat  dynodes  are  used 
and  magnetic  focusing  is  required.  Consequently,  these  tubes,  like 
phosphor -photocathode  multistage  tubes,  are  bulky  and  expensive  to 
fabricate. 
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Further  advances  in  photocathode  technology  resulted  from  the 
development  (Ref.  4)  of  trialkali  antimony  photoemitters  in  1955. 

With  their  enhanced  response,  these  cathodes,  incorporated  in  suitable 
high-gain  image-intensifier  tubes,  offered  the  possibility  of  passive 
viewing  under  nighttime  conditions  of  only  partial  moonlight  or  star¬ 
light.  To  be  easily  handled  and  to  receive  wide  acceptance  by  po¬ 
tential  users,  tubes  incorporating  trialkali  antimony  cathodes  could 
not  rely  on  bulky  magnetic  lenses  and  would  have  to  be  much  less  ex¬ 
pensive  to  build  than  the  two  high-gain  image-intensifier  tubes  de¬ 
scribed  above.  The  development  (Ref.  5)  of  fiber-optic  plates  in  the 
1950's  was  to  play  an  important  role  in  the  subsequent  development  of 
cascade  image  intensifiers  of  modular  form,  vdiich  go  a  long  way  toward 
fulfilling  the  above  tube  requirements. 

Fiber-optic  plates  used  in  image  intensifiers  are  made  of  an  ar¬ 
ray  of  tiny  fibers  fused  together,  each  fiber  consisting  of  a  core  of 
glass  having  a  high  Index  of  refraction,  coated  with  a  sheath  of  glass 
having  a  lower  index  of  refraction.  The  individual  fibers  behave  as 
dielectric  waveguides,  transmitting  the  light  entering  at  one  end  to 
the  opposite  end.  If  an  image  is  focused  on  or.3  side  of  a  fiber-optic 
plate,  it  will  be  efficiently  transmitted  through  the  plate  with  very 
little  lateral  diffusion.  However,  because  most  phosphors  have  a 
considerably  higher  index  of  refraction  than  available  optical  glasses, 
a  certain  fraction  of  the  light  emitted  by  a  phosphor  strikes  the  fiber 
sheath  at  an  angle  less  than  critical  and  refracts  out  of  the  fiber 
into  neighboring  fibers.  This  problem  is  avoided  either  ay  coating 
the  fibers  with  a  second  sheath  of  absorbing  material  or  by  strategically 
locating  discrete  absorbing  fibers  in  the  interstices. 

The  chief  value  of  fiber  optics  for  cascade  image  intensifiers  is 
that  it  permits  the  selection  of  faceplates  of  sufficient  thickness  to 
be  mechanically  strong,  subject  to  any  shape  desired,  and  yet  no  loss 
of  resolution  occurs  due  to  lateral  diffusion  of  light  as  it  passes 
through  the  faceplate.  In  particular,  the  outside  of  a  plate  can  be 
flat,  while  the  inside  face  on  which  either  the  cathode  or  the  phosphor 
may  be  deposited  is  curved  to  meet  the  requirements  of  electrostatic 
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focusing.  Thus,  two  or  more  single-stage  tubes  can  be  optically 
coupled  together  efficiently  by  simply  placing  the  flat  outside  faces 
of  the  fiber  optic  plates  in  contact.  The  coupling  efficiency  in 
this  instance  can  be  as  high  as  50  to  80  percent,  depending  on  the 
type,  diameter,  and  cladding  of  the  fiber  used.  A  practical  advantage 
in  using  fiber  optics  is  that  each  single-stage  tube  can  be  constructed, 
processed,  and  tested  separately  for  high  performance  before  being 
incorporated  into  a  complete  cascade  image  intensifier. 

A  typical  three-stage  modular  cascade  image  intensifier  tube  is 
shown  in  Fig.  IV -3.  The  three  modules  are  mechanically  and  optically 
coupled  together  and  completely  encapsulated  with  the  voltage  multi¬ 
plier  sections  of  the  high-voltage  power  supply.  Electcostatic  fo¬ 
cusing  with  approximately  unity  magnification  is  employed  in  each 
module.  Image  inversion,  occurring  in  each  of  the  electrostatically 
focused  modules,  is  canceled  by  image  inversion  in  the  objective  of 
complete  visual  systems.  Cascade  image -intensifier  tubes  are  gener¬ 
ally  made  in  three  standard  sizes:  one  with  an  18 -mm  cathode,  one 
with  a  25-mm  cathode,  and  one  with  a  40-mm  cathode.  Limited  numbers 
of  single  and  multiple  modular  image -intensifier  tubes  of  other  sizes 
are  made  for  special  applications.  The  18 -mm  tube  is  approximately 
5.8  in.  in  length  and  2.1  in.  in  diameter;  the  25-mm  tube  is  approxi¬ 
mately  7.6  in.  in  length  and  2.75  in.  in  diameter;  the  40-mm  tube  is 
approximately  12  in.  in  length  and  3.7  in.  in  diameter. 

Manufacturers'  performance  data  for  representative  single-stage 
and  three-stage  cascade  image-intensif ier  tubes  are  presented  below 
in  Tables  IV-4  through  IV-10.  Where  performance  data  are  measurements 
of  input  radiation,  radiometric  units  are  used.  The  use  of  photo¬ 
metric  units  based  on  the  lumen  as  measures  of  input  radiation  to  a 
physical  detector  is  to  be  discouraged,  since  the  lumen,  by  defini¬ 
tion,  depends  implicitly  on  the  spectral  responsivity  of  the  eye. 

Photocathode  responsivity  is  specified  in  milliamperes  per  .watt 
of  total  blackbody  input  radiation  from  a  28S4°K  tungsten  source.  It 
has  sometimes  been  customary  to  specify  photocathode  responsivity  in 
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microamperes  per  lumen  of  input  luminous  flux  from  a  2854°K  tungsten 

source.  The  conversion  factor  from  microamperes  per  lumen  to  milli- 

amperes  per  watt  of  total  blackbody  radiation  from  i  2854°X  tungsten 

-2 

source  is  approximately  2x10  9  i.e.,  200 ^a/L  ~4  ma/watt. 


0  +13KV  +26  KV  +39  KV 


S3-17-71-U 


FIGURE  IV-3.  Schematic  Diagram  of  Modular  Cascade  Image  Intensifier 


Gain,  or  more  precisely  the  luminous  conversion  factor,  is  speci¬ 
fied  as  the  ratio  of  output  luminance  in  candela  per  square  meter  to 
input  irradiation  in  watts  per  square  meter  from  a  2854°K  source.  It 
is  sometimes  customary  to  specify  gain  as  the  ratio  of  the  output  lumi 
nance  in  foot-lamberts  to  input  illumination  in  footcandles  or  lumens 

per  square  foot  from  a  2854°K  source.  The  conversion  factor  from  foot 

2  2 

lamberts/footcandles  to  (cd/m  )/( watts/m  )  is  approximately  20/tt  for  a 
2854°K  source. 
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TABLE  IV-5.  CASCADE  (THREE-STAGE)  IMAGE -INTENSIFIER  PERFORMANCE  DATA  (RCA) 
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TABLE  IV-6.  SINGLE-STAGE  IMAGE-INTENSIFIER  PERFORMANCE  DATA  ( VARIAN  ASSOCIATES) 
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TABLE  IV -7.  SINGLE-STAGE  IMAGE -INTENSIFIER  PERFORMANCE  DATA  (VARO,  INC. 
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TABLE  IV -8.  SINGLE-STAGE  IMAGE -INTENSI PIER  PERFORMANCE  DATA  (AEROJET  DELFT) 
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TABLE  IV-9 .  SINGLE-STAGE  INTENSIFIERS  ( WESTINGHOUSE) 


With  2854°K  lamp;  gain  for  unity  magnification. 
Square-wave  test  pattern. 
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Equivalent  background  input  is  defined  as  the  irradiance  of  the 
input  face  required  from  a  2854°K  source  to  produce  an  additional  out¬ 
put  luminance  equal  to  the  mean  background  luminance  existing  when  the 
primary  photocathode  is  masked.  The  conversion  factor  from  photometric 
units  of  lumens  per  square  centimeter  to  watts  of  total  blackbody 
radiation  per  square  centimeter  is  approximately  equal  to  1/20  with 
a  2854°K  source. 

The  modulation  transfer  function,  synonymous  with  spatial  fre¬ 
quency  response  or  sine-wave  response,  is  measured  with  a  sine-wave 
test  pattern.  In  some  cases  the  available  data  are  for  response  to 
a  bar  pattern  or  a  square -wave -modulated  test  pattern.  Response  to 
square-wave-modulated  test  patterns  is  specified  in  the  tables  as 
contrast  transfer  ratio.  It  must  be  noted  that  response  to  square- 
wave  test  patterns  is  higher  (except  at  zero  line  pairs/millitater, 
where  it  is  normalized  to  unity)  than  response  to  sine-wave  test  pat¬ 
terns  (Ref.  6). 

C.  SECOND-GENERATION  IMAGE  INTENSIFIERS 

The  exploitation  of  electrooptical  technology,  principally  by  the 
Army  Night  Vision  Laboratory,  culminated  in  the  development  of  the 
"first-generation"  night-vision  instruments  employing  the  cascade 
image -intensifier  tubes.  It  was  recognized  even  at  the  beginning  of 
this  development  effort  that  the  size,  performance,  and  cost  of  first- 
generation  night-vision  equipment  would  fall  snort  of  desirable  speci¬ 
fications.  Hence,  a  second  generation  was  envisioned  that  hopefully 
would  meet  the  desired  specifications. 

The  second-generation  night -vision  instruments  would  employ  a 
single  stage  intensifier  tube  incorporating  a  high-gain  microchannel- 
plate  (MCP)  dynode.  It  was  believed  that  the  use  of  a  single  high- 
gain  stage  would  diminish  the  loss  of  modulation  transfer  occurring 
in  the  three  stages  of  the  cascade  image -intensif ier  tubes.  It  was 
further  believed  that  the  method  of  fabrication  of  the  channel  plates 
would  lead  to  high  production  volumes  and  low  cost. 
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Unfortunately,  of  the  three  objectives  of  the  MCP.  image-intensifier 
tube  development,  only  the  desirable  size  specification  has  been 
achieved.  The  gain  characteristics  and  image  quality  have  not  reached 
expectations.  Further,  reliability  (life)  and  cost  remain  problems. 

Recent  research  results  (Ref.  7)  on  the  silicon  transmission 
secondary-electron  multiplier  (TSEM)  dynode  structure  (Section  IV-C-3) 
as  an  alternative  to  microchannel  plates  strongly  indicate  for  the 
first  time  that  sufficient  gain  can  be  achieved  in  a  single  stage 
without  the  severe  degradation  of  the  spatial  frequency  response  that 
occurs  in  the  MCP  tubes.  Thus,  the  silicon  TSEM  is  a  serious  candidate 
to  replace  the  MCP  in  the  presently  proposed  family  of  second-generation 
devices . 

1.  Rationale  for  Image-intensifier  Performance  Improvement 

The  performance  of  image  intensifies  is  chiefly  determined  by 
three  tube  parameters : 

1.  The  frequency  response  or  modulation  transfer  function  (MTF). 

2.  Responsivity  of  the  photocathode. 

3.  Noise  introduced  by  the  gain  mechanism. 

Of  these,  at  the  present  time,  greater  improvement  in  image-intensifier 
performance  at  useful  low  light  levels  can  he  achieved  by  improvements 
in  the  MTF  than  by  likely  improvements  in  photocathode  responsivity. 

The  resolution  of  image-intensifier  tubes  even  at  very  low  il¬ 
lumination  levels  is  strongly  dependent  on  the  MTF  and  not  merely  de¬ 
pendent  on  the  responsivity  of  the  photocathode.  This  is  because  the 
MTF  of  an  image  tube  (unlike  the  frequency  response  of  an  electronic 
amplifier,  which  is  essentially  flat  out  to  some  cut-off  frequency) 
begins  to  fall  off  at  less  than  one  line  pair  per  millimeter.  A 
graphic  illustration  is  shown  in  Fig.  l'V-4.  The  lower  curve  is  the 
frequency  dependence  of  the  modulation  on  the  screen,  produced  by  a 
three-stage,  first-generation  image  intensifier  tube  with  a  sine-wave 
test  pattern  of  30  percent  modulation.  To  estimate  the  relative  im¬ 
portance  of  MTF  and  responsivity  on  resolution  frequency,  consider  the 
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S-25  (4  rna/watt,  2R54  K) 
-S-20VR  (C  mo/wott,  2854° K' 


SINE-WAVE  TEST  PATTERN  INPUT 
MODULAT.  ON  EQUALS  30% 


W| 

MODULATION 
REQUIRED  BY  /VA 
THE  EYE  /  \i- 

(S/N*l.l)  Vfj. 

FOR  AIRGLOW  \ 


//  FOR  0.3  MOONLIGHT. 

/>£ 

/ 


5  "-3-70-2  SPATIAL  FREQUENCY,  cyclei/mm 

FIGURE  IV-4.  Predicted  Effect  of  Cathode  Responsivity  Versus  MTF  on 
image-lntensifier  Performance 

line  representing  the  modulation  required  to  provide  a  signal -to -noise 
ratio  of  1.1,  as  required  by  the  eye  for  perception  of  the  image  of 
the  pattern  on  the  screen  of  an  image  intenaifier  with  an  S-25  (4  ma/ 
watt)  photocathode  and  irradiance  of  the  test  pattern  by  0.3  moonlight. 
All  of  the  curves  representing  the  modulation  required  by  the  eye 
versus  the  number  of  lines  per  millimeter  were  calculated  by  assuming 
the  average  reflectivity  of  the  scene  being  viewed  to  be  20  percent, 
the  objective  to  be  effectively  f/2,  and  the  signal -to-ncise  ratio 
required  by  the  eye  for  this  one -dimensional  variation  in  luminance 
to  be  approximately  1.1.  The  intersection  of  the  required  modulation 
line  for  an  S-25  cathode  and  0.3  moonlight  with  the  three-stage  modu¬ 
lation  on  the  screen  curve  at  point  A  indicates  that  the  resolution 
is  approximately  12  cycles/mm  or  line  pairs/mm.  With  this  point  of 
intersection  as  a  reference,  consider  two  alternatives  for  increasing 
resolution: 
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1.  Choose  art  S-2GVR  p'notocatnode  with  double  the  responsivity 
(measured  under  illumination  from  a  standard  2854°K  tungsten 
lamp) , 

2.  Develop  a  gain  structure  that  will  allow  reduction  of  the 
number  of  intensifier  stages  from  three  to  one,  with  the  con¬ 
sequence  that  the  MTF  is  increased  as  shown  by  the  two  curves 
of  modulation  on  the  screen  (Fig.  IV-4). 

In  the  first  case,  higher  photocathode  responsivity,  the  resolu¬ 
tion  would  increase  from  12  to  13.4  cycles/mm,  as  indicated  by  the 
arrow  from  A  to  B.  In  the  second  case,  better  MTF,  the  resolution 
would  increase  from  12  to.  18.2  cycles/mm,  as  indicated  by  the  arrow 
from  A  to  C.  It  is  clear  in  this  example  that  of  the  two  alternatives 
for  increasing  resolution,  increasing  the  MTF  is  the  most  effective. 
Furthermore,  by  comparison  of  the  arrows  from  C  to  D  and  from  A  to  B, 
it  is  evident  that  increases  in  MTF  enhance  the  effect  of  subsequent 
increases  in  cathode  responsivity  on  resolution. 

Figure  IV-4  also  shows  the  effects  on  resolution  of  changes  in 
responsivity  and  MTF  at  the  low  value  of  scene  ir radiance  provided  by 
airglow  alone  (clear  night  sky,  no  moonlight).  As  che  irradiance  de¬ 
creases  from  0.3  moonlight  to  airglow,  the  resolution  of  a  three -stage 
image  intensifier  with  an  S-25  photocathode  decreases  to  such  a  low 
value  (3  cycles/mm  or  75  cycles  per  diameter  with  the  25-mm  tube  used 
in  the  starlight  telescope)  that  little  improvement  can  be  realized  by 
improving  the  MTF  alone.  It  is  generally  acknowledged  that  with  the 
presently  available  S-25  photocathodes  "quarter"  moonlight  is  required 
for  satisfactory  operational  performance.  Theoretically,  the  present 
quarter  moonlight  performance  could  be  achieved  at  airglow  by  increasing 
che  photocathode  responsivity  to  airglow  by  a  factor  of  approximately 
50.  Such  a  large  increase  in  responsivity  is  not  in  the  offing.  How¬ 
ever,  the  dashed  line  in  Fig.  IV-4,  representing  the  required  modulation 
with  a  hypothetical  phoc^cathode  12  times  more  responsive  to  airglow  than 
the  S-25,  indicates  that  by  improving  the  MTF  the  required  improvement  in 
responsivity  could  be  relaxed.  An  improvement  in  the  MTF  to  that  of  a 
single-stage  tube  would  reduce  the  required  increase  in  photocathode  re¬ 
sponsivity  from  50  to  approximately  12.  Thus,  it  seems  clear  that  the  re¬ 
quired  resolution  and  operational  performance  currently  realized  at  quarter 
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moonlight  could  be  achiev’d  with  airglow  alone  in  the  foreseeable  future 
only  if  both  the  responsivity  and  the  MTF  were  greatly  improved. 

2 .  Microcharmel-Plate  (MCP)  Image  Intensifier 

The  microchannel-plate  (MCP)  image  intensifier  is  based  on  a  con¬ 
cept  that  received  little  attention  for  many  years  but  has  recently 
gained  considerable  prominence.  In  the  MCP  image  intensifier,  a  mosaic 
of  microscopic  hollow  channels  in  a  thin  glass  plate  forms  an  array  of 
continuous  secondary-electron  multipliers  that  amplify  the  photoemis¬ 
sion  current  from  elemental  segments  of  the  photocathode. 

The  first  efforts  to  make  an  array  of  secondary-electron  multi-  . 
pliers  suitable  for  image  intensification  were  made  on  low-resolution 
devices,  fabricated  element  by  element,  using  tubular  multiplier  struc¬ 
tures.  Work  along  these  lines  was  done  by  RCA  Laboratories,  the  Im¬ 
perial  Collecre  of  Lc Chicago  Midway  Laboratories,  and  others. 

Later  attempts  were  made  to  use  registered  plates  of  metal  (dynode 
material)  and  insulators  with  arrays  of  shaped  holes  to  give  the  dy¬ 
node  geometries.  The  latest  and  most  promising  efforts  to  make  an 
array  of  microscopic  secondary-electron  multipliers  was  initiated  at 
Bendix  Aviation  in  the  late  1950’s,  and  has  led  to  the  development  of 
MCP  secondary-electron  multiplier  arrays,  that  -are  of  sufficient  fine¬ 
ness  to  be  of  interest  for  imaging. 

Development  of  MCP  secondary-electron  multiplier  arrays  capable 
of  producing  images  of  moderate  resolution  aroused  interest  in  the 
possibility  of  a  simple  single-stage,  high-gain  image-intensifier  tube 
replacement  of  the  three -stage  modular  cascade  image  intensifier.  It 
was  anticipated  that  MCP  intensifies  would  offer  the  advantages  not 
only  of  smaller  size,  lighter  weight,  and  lower  cost  but  also  of  better 
performance  (i.e.,  higher  target  detection  probability  due  to  better 
spatial  frequency  response).  However,  the  performance  of  MCP  image 
intensifies  to  date  has  generally  been  considerably  less  than  was 
initially  anticipated  because  a  number  of  problems  peculiar  to  these 
devices  (to  be  discussed  later)  have  arisen  during  development. 

a.  Principles  of  Operation.  The  MCP  image-intensifier  tube, 
shown  schematically  in  Fig.  IV-5,  consists  of  a  fiber-optic  faceplate, 
on  the  back  side  of  which  is  formed  a  photocathode,  an  electrostatic 
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image -inverting  electron  lens,  an  MCP  secondary-electron  multiplier, 
and  a  second  fiber-optic  plate  on  the  front  side  of  which  is  formed  a 
phosphor  screen  with  the  usual  aluminum  film  required  to  prevent  light 
feedback  to  the  photocathode.  Image  transfer  from  the  MCP  to  the  phos¬ 
phor  depends  on  the  close  proximity  of  these  two  elements.  As  shown 
in  Fig.  IV-5,  the  electron  image  generated  at  the  photocathode  is  fo¬ 
cused  on  the  MCP  by  means  of  an  electrostatic  lens.  These  MCP  image 
intensified  tabes  are  customarily  called  inverter  tubes.  It  is  neces¬ 
sary  to  employ  a  decelerating  electric  field  to  correct  the  flat  image 
plane  presented  by  the  front  surface  of  the  MCP.  Besides  the  inverter 
tubes  employing  electrostatic  focusing  between  the  photocathode  and  the 
MCP,  considerable  effort  has  been  expended  in  the  development  of  prox¬ 
imity  focusing  in  what  is  customarily  called  a  wafer  tube.  Development 
of  the  wafer  tube  has  not  been  as  successful  as  development  of  the  in¬ 
verter  tube. 


PHOSPHOR 


FIGURE  IV-5.  Schematic  of  an  MCP  Image  Intensifier 
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Although  the  additional  length  of  the  inverter  tube  is  a 
disadvantage  in  systems  such  as  night -vision  goggles,  this  disadvan¬ 
tage  is  offset  by  at  least  two  advantages  in  systems  where  size  is 
less  critical.  The  larger  volume  of  the  inverter  tube  facilitates  the 
inclusion  of  gettering  material  needed  to  adsorb  gasses  that  are  con¬ 
stantly  desorbed  from  the  glass  channels  during  operation.  Outgassing 
by  the  MCP  has  the  adverse  effects  of  reducing  the  lifetimes  of  both 
the  photocathode  emission  and  the  secondary-electron  multiplication, 
as  well  as  yielding  high  ion  noise.  A  second  advantage  of  the  in¬ 
verter  is  the  partial  light  shielding  provided  by  the  cone  forming 
the  electrostatic  lens  between  the  photocathode  and  the  MCP.  In  the 
wafer  tube,  radiation  transmitted  through  the  semitransparent  photo¬ 
cathode  is  partially  reflected  and  scattered  back  to  the  photocathode 
from  the  front  surface  of  the  MCP  and  the  channels.  The  resultant 
background  current  reduces  the  contrast  in  the  output  image  produced 
on  the  phosphor  screen. 

Operation  of  the  MCP  depends  on  a  large  number  of  factors.* 

A  single  channel  consists  of  a  glass  tube  with  a  length  equal  to  about 

f if t .  diameters .  The  inside  surface  of  the  channels  is  made  semicon- 

8  14 

ducting  with  a  resistance  in  the  range  from  10  to  10  ohms  (typi- 
g 

cally  10  ohms),  depending  on  the  output  current  to  be  drawn  from  the 
channel.  The  output  secondary-electron  emission  current,  which  can 
be  drawn  from  a  channel  while  maintaining  linearity  between  the  output 
current  and  the  input  photoelectric  current,  is  approximately  10  per¬ 
cent  of  the  strip  current  flowing  in  the  walls  of  the  channel. 

The  MCP  operates  with  a  potential  applied  between  electrodes 
formed  by  evaporating  a  thin  metallic  coating  at  an  oblique  angle  over 
the  two  polished  surfaces  of  the  glass  plate.  Electrons  emitted  from 
the  photocathode  enter  the  channels  and  strike  the  walls  to  produce 
secondary  electrons,  which  are  accelerated  axially  by  the  strong  ap¬ 
plied  axial  electric  field.  The  transverse  energy  of  emission  pos¬ 
sessed  by  the  secondary  electrons  causes  them  to  traverse  the  channel 

* 

These  are  thoroughly  discussed  in  Ref.  8. 
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as  they  are  accelerated  axially,  so  that  they,  in  turn,  strike  the 
wall,  producing  additional  secondary  electrons.  The  process  is  re¬ 
peated  many  times  along  the  channel  until  a  large  pulse  of  electrons 
emerge  from  the  high  potential  end. 

b.  MCP  Gain  Function.  The  gain,  equal  to  the  average  number  of 
electrons  in  an  output  pulse,  depends  on  the  length -to-diameter  ratio 
of  the  channel,  the  secondary  emission  ratio  of  the  channel,  and  the 
applied  potential.  With  1  kv  applied,  the  gain  will  typically  be 
several  thousand.  It  is  observed  that  with  constant  applied  potential 
the  gain  passes  through  a  maximum  at  a  particular  voltage  approximately 
equal  to  22  times  the  length -to -diameter  ratio.  This  is  a  desirable 
operating  point  because  the  gain  variation  from  channel  to  channel 
then  will  be  least  dependent  on  differences  in  channel  diameter.  The 
saturation  effect  on  the  gain  caused  by  drawing  output  current  in  ex¬ 
cess  of  10  percent  of  the  strip  current  will  act  to  limit  the  maximum 
brightness  at  the  center  of  an  output  image  but,  of  course,  has  little 
effect  on  the  extent  of  image  spread,  which  is  described  by  either  the 
modulation  transfer  function  or  point  spread  function. 

c.  Spatial  Frequency  Response.  It  has  been  noted  (Section  III-C-5) 
that  the  frequency  response  of  a  multiple -component  optical  system  is 
equal  to  the  product  of  the  frequency  responses  of  each  component  and 
thus  is  reduced  by  cascading  more  and  more  components.  It  would  ap¬ 
pear,  therefore,  that  an  MCP  image  intensifier  would  have  an  improved 
frequency  response  function  compared  to  that  of  a  three -stage  modular 
cascade  image  intensifier.  In  point  of  fact,  this  has  not  been  true, 
although  recent  development  efforts  have  yielded  considerable  improve¬ 
ment. 

The  failure  of  the  frequency  response  function  of  MCP  image 
intensifiers  to  measure  up  to  earlier  expectations  is  due  to  a  number 
of  factors,  which  include  the  use  of  proximity  focusing  between  the 
MCP  and  the  phosphor  screen,  the  relatively  high  applied  potential  be¬ 
tween  the  MCP  and  the  phosphor  screen  required  for  efficient  electron- 
to-luminant-image  conversion  in  the  phosphor,  and  the  relatively  high 
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transverse  energies  of  the  secondary  electrons  emerging  from  the  chan¬ 
nels  of  the  MCP. 

The  distribution  of  the  points  of  impact  on  the  phosphor  of 
electrons  emerging  from  a  channel  has  not  been  calculated.  However, 
some  appreciation  of  the  problem  with  proximity  focusing  between  the 
MCF  and  the  phosphor  screen  can  be  gained  by  considering  the  path  of 
a  single  electron  as  a  function  of  the  relevant  parameters.  In  the 
uniform  electric-field  region  between  the  MCP  and  phosphor  screen, 
each  emerging  electron  will  follow  a  parabolic  path,  eventually  striking 
the  screen  at  a  transverse  distance  d  from  the  channel  exit  point  given 
approximately  by 


d  =  L  sine/(V/V  (IV-1) 

provided  that  V/VQ»1,  where  V  is  the  applied  potential,  VD  is  the 
inicial  energy  of  the  emerging  secondary  electron  in  electron-volts, 

L  is  the  separation  between  the  MCP  and  the  screen,  and  0  is  the  angle 
made  by  an  emerging  electron  relative  to  the  direction  of  the  applied 
electric  field.  It  is  clear  from  Eq.  IV-1  that  the  transverse  dis¬ 
placement  of  an  electron  is  reduced  by  decreasing  the  separation  and 
increasing  the  applied  potential  between  the  MCP  and  the  screen,  i.e., 
increasing  the  applied  electric  field.  However,  it  is  found  in  practice 

that  the  maximum  aDplied  electric  field  is  limited  to  approximately 
4 

6  x  1.0  v/cm,  and  the  applied  potential  required  for  efficient  electron- 
to-luminant -image  conversion  is  approximately  6,000  v.  Thus,  the  sep¬ 
aration  between  the  MCP  and  the  screen  is  approximately  1  mm.  The  en¬ 
ergies  of  the  emerging  electrons  will  exhibit  a  distribution  in  which 
100  ev  is  a  typical  value.  If  one  substitutes  the  above  values  for 
the  parameters  in  Eq.  IV-1,  one  finds  that  the  transverse  displacement 
will  range  from  zero  to  roughly  one-eighth  of  a  millimc .er,  depending 
on  the  value  of  0.  One  would  expect  few  electrons  to  achieve  the  max¬ 
imum  displacement,  since  they  would  have  to  originate  from  emission 
points  near  the  end  of  a  channel.  Electrons  emitted  from  points  not 
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so  near  the  end  of  a  channel  will  emerge  with  smaller  values  of  ft  and 
hence  smaller  transverse  displacements. 

A  practical  method  for  limiting  the  maximum  transverse  dis¬ 
placement  of  electrons  striking  the  phosphor  is  the  deposition  of  the 
back  electrode  of  the  MCP  a  distance  equal  to  several  diameters  into 
the  channels.  This  creates  a  field-free  region  of  low  secondary  emis¬ 
sion  ratio  near  the  ends  of  the  channels  and  thus  restricts  the  maxi¬ 
mum  value  of  0,  at  which  electrons  emerge  from  the  MCP. 

A  more  fundamental  limitation  on  frequency  response  stems 
from  the  mosaic  structure  of  ^he  MCP.  This  limitation  depends  on  the 
relative  spatial  phase  of  the  regular  array  of  channels  and  the  peri¬ 
odic  test  pattern  used  to  measure  the  frequency  response.  For  example, 
if  the  test-pattern  frequency  equals  the  reciprocal  of  twice  the  chan¬ 
nel  center-to-center  spacing  and  if  the  phase  is  such  that  the  adjacent 
crossover  points  of  the  sine-wave  modulation  about  the  mean  fall  at  the 
center  of  adjacent  channels,  the  frequency  response  will  be  zero.  For 
a  typical  channel  center-to-center  spacing  of  16  this  spatial  fre¬ 
quency  is  31  cycles/mm.  At  the  same  frequency,  but  at  a  phase  rela¬ 
tion  such  that  adjacent  maxima  and  minima  of  the  sine-wave  modulation 
fall  at  the  center  of  adjacent  channels,  the  frequency  response  will 
be  2/tt.  For  other  phase  relations  the  frequency  response  will  be  be¬ 
tween  0  and  2/tt.  If  the  frequency  of  the  test  pattern  is  equal  to  the 
reciprocal  of  the  center-to-center  spacing  of  adjacent  channels,  the 
frequency  response  will  be  zero,  independent  of  phase.  For  the  16-jjm 
spacing  this  latter  test-pattern  frequency  is  62  cycles/mm.  At  other 
test-pattern  frequencies,  beats  will  occur  in  the  output  sine-wave 
pattern  produced  on  the  phosphor  screen.  These  interference  effects 
have  rarely  been  observed  in  MCP  intensifiers  because  they  are  masked 
by  the  overlapping  due  to  the  distributions  of  emission  angles  and 
transverse  energies  of  the  electrons  emerging  from  the  channels.  With 
improvements  in  the  frequency-response  function  by  end  spoiling  and  by 
closer  positioning  of  the  MCP  and  the  phosphor  screen,  closer  micro - 
channel  center-to-center  spacing  will  be  required  to  avoid  the  inter¬ 
ference  effects. 
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d.  Signal  and  Noise  in  MCP  Image  Intensifies.  Loss  of  image 
signal-to-noise  ratio  occurs  in  MCP  image  intensifies  because  of  a 
number  of  factors  in  addition  to  those  common  to  all  PEI  systems,  such 
as  the  photoelectric  quantum  efficiency  of  the  photocathode  and  the 
spatial  frequency  response  of  the  electron  optics  and  phosphor  screens 
(Section  III-C-6). 

Firstly,  some  of  the  photoelectric  current  generated  by  the 
input  irradiance  on  the  photocathode  is  lost  at  the  input  to  the  MCP. 
The  loss  has  been  reported  to  be  less  than  would  be  expected  from  the 
fraction  of  MCP  cross-sectional  area  occupied  by  glass.  Although  only 
60  to  70  percent  of  the  MCP  area  is  open  to  them,  apparently  80  to  85 
percent  of  the  photoelectrons  enter  the  channels. 

Secondly,  the  secondary  electron  multip"  cation  process  in 
the  channels  introduces  fluctuations  in  the  number  of  secondary  elec¬ 
trons  in  the  output  pulses.  Fluctuations  in  the  output  pulse  heights 
are  due  to  fluctuations  in  the  secondary  emission  yield,  fluctuations 
in  secondary  electron  escape  energy,  and  fluctuations  in  escape  direc¬ 
tion.  For  a  given  secondary  electron,  the  escape  energy  and  direction 
are  initial  conditions  that,  in  conjunction  with  the  applied  axial 
electric  field,  determine  its  trajectory.  The  trajectory  of  the  elec¬ 
tron,  in  turn,  determines  how  far  it  will  be  accelerated  toward  the 
exit  end  of  the  channel  before  striking  the  wall  opposite  its  origin. 
Longer  path  lengths  will  result  in  greater  striking  energy  at  a  more 
nearly  grazing  angle  of  incidence  and  will  produce,  on  the  average, 
higher  yield.  For  a  given  channel  length,  however,  longer  path  lengths 
result  in  fewer  wall  impacts.  Thus,  fluctuations  in  escape  energy  and 
direction  give  rise  to  fluctuations  in  yield  and  in  the  number  of  elec¬ 
tron  collisions  with  the  channel  walls. 

Other  sources  of  noise  (Ref.  9)  are  local  variations  in  the 
emission  properties  of  channel  walls,  ionic  feedback  due  to  outgassing 
from  the  glass  surfaces,  and  electrons  either  reflected  or  emitted 
from  the  front  electrode  of  the  MCP. 


The  magnitude  of  the  reduction  in  signal-to -noise  ratio  in 
MCP  image  intensifiers  due  to  each  of  the  above  factors  is  difficult 
to  measure.  Wide  variations  are  observed  from  one  tube  to  another. 
Efforts  to  determine  the  fluctuations  in  the  electron  multiplication 
process  have  often  been  masked  by  the  overwhelming  effects  of  ionic 
feedback  noise.  Typical  values  of  signal-to-noise  ratio  reduction  are 
not  yet  available. 

3.  Silicon  Transmission  Secondary-Electron  Multiplier  (TSEM) 

Dynode 

The  silicon  TSEM  dynode  (Ref.  7)  consists  of  a  thin  (approximately 
5  microns— sufficient  thickness  to  be  self-supporting)  wafer  of  low- 
resistivity,  P-type  silicon  having  one  surface  carefully  cleaned  and 
treated  with  cesium  and  oxygen  to  reduce  the  potential  difference  be¬ 
tween  the  bulk  and  vacuum  (the  effective  bulk  electron  affinity)  to 
zero  or  less.  The  resulting  energy-level  structure  is  shown  schemat¬ 
ically  below: 


PRIMARY 

aPHOTOELECTRON 

P-SIUCON  Cs2C 

Si? - —  - - - 

SECONDARY  ELECTRONS 

J  "N 

VACUUM  LEVEL 

FROM 

PHOTOCATHODE 

n _ _ 

SI  1-5-70-1 

The  dynode  is  mounted  in  a  vacuum-tube  image  intensifier  with  the  un¬ 
treated  surface  facing  the  p'notocathode  and  the  cesium-oxide -treated 
surface  facing  the  phosphor.  Photoelectrons  generated  by  the  radiant 
image  of  the  scene  focused  on  the  photocathode  are  accelerated  and 
focused  to  strike  the  silicon  TSEM  dynode  with  the  energy  of  several 
thousand  electron  volts.  As  the  primary  electrons  penetrate  the  silicon 
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to  a  depth  of  a  few  thousand  angstroms,  energy  is  primarily  lost  via 
electron -hole  pair  production  at  the  rate  of  approximately  3.6  ev  per 
pair.  Some  of  the  resulting  excess  holes  recombine  with  electrons  sup¬ 
plied  to  an  ohmic  contact  at  the  periphery  of  the  silicon  wafer,  while 
an  equal  number  of  excess  electrons  rapidly  thermalize  to  the  tempera¬ 
ture  of  the  wafer,  diffuse  toward  the  silicon-cesium  oxide  interface, 
and  escape  into  the  vacuum  to  maintain  current  continuity.  In  a  first 
effort  (Ref.  ?),  750  secondary  electrons  per  primary  electron  have  been 
measured  at  20  kv,  and  230  at  10  kv.  Slightly  heavier  acceptor  con¬ 
centration  at  the  front  surface  to  reduce  surface  recombination  will 
increase  the  yield.  Photoemission  measurements  reported  earlier  (Ref. 
10)  indicate  that  the  escape  probability  of  excited  electrons  from 
cesium-  and  oxygen -treated,  P-type  silicon  surfaces  can  be  20  percent 
or  higher. 

A  transmission  secondary-emission  ratio  of  at  least  500  at  10  kv 
can  be  expected.  Jhis  TSEM  gain  of  500,  multiplied  by  a  diode  gain  of 
50  due  to  the  photocathode -phosphor  combination,  yields  an  overall 
gain  of  25,000.  An  overall  gain  of  25,000  is  ample  to  view  scenes  of 
low  radiance  down  to  the  limit  determined  by  the  photoelectron  shot 
noise  without  dark  adaptation. 

4 .  Comparison  of  Silicon  TSEM  and  Glass  MCP  Dynodes 

The  silicon  TSEM  dynode  offers  the  following  advantages  over  the 
glass  MCP  dynode: 

1.  Silicon,  unlike  glass  (a  notoriously  "dirty”  material),  is 
a  single  element,  completely  stable  chemically,  susceptible 
to  ultrahigh  purification  via  zone  refining,  and  susceptible 
to  high-temperature  bakeout  during  tube  fabrication  to  remove 
any  and  essentially  all  adsorbed  gasses  that  could  damage  the 
photocathode  during  tube  operation.  The  compatibility  of 
silicon  with  photocathodes  of  the  S-20  type  has  been  amply 
demonstrated  in  the  camera  tube  employing  the  silicon-dicde- 
array  charge -storage  target. 
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The  solid  structure  of  the  TSEM  dynode,  in  contrast  to  the 
porous  MCP  structure,  greatly  facilitates  surface  cleansing 
and  removal  of  adsorbed  gases  during  bakeout,  and  it  reduces 
the  surface-to-volume  ratio  of  the  dynode. 

Gain  in  a  silicon  TSEM  dynode  is  essentially  noiseless.  In 

2 

general,  the  mean  square  fluctuation  a  in  tne  number  of  sec¬ 
ondary  electrons  per  incident  photoelectron  observed  for  a 

2  — 

large  number  of  incident  photoelectrons  is  given  by  c  =  FN, 
where  F  is  a  parameter  sometimes  called  the  Fano  factor  and 
IT  is  the  mean  number  of  secondary  electrons  per  incident  pho¬ 
toelectron.  If  the  distribution  of  yields  is  Gaussian  or 
Poissonian,  F  is  unity.  For  the  MCP  dynode,  F  is  generally 
acknowledged  to  be  greater  than  unity-approximately  2.  For 
secondary-electron  multiplication  in  semiconductors,  F  is 
known  to  be  in  the  range  of  0.1  to  0,2. 

The  silicon  TSEM  dynode  does  not  require  deposition  of  an 
electrode  over  a  portion  of  the  front  surface  of  the  dynode. 
Hence,  the  collection  efficiency  for  incident  photoelectrons 
is  essentially  100  percent,  compared  to  70  to  80  percent  for 
the  MCP  dynode.  For  a  70  percent  collection  efficiency,  the 
effective  responsivity  of  a  4-ma/watt  photocathode  is  reduced 
to  2.8-ma/watt. 

Degradation  of  image -tube  MTF  by  the  silicon  TSEM  dynode 
ought  to  be  nil  compared  to  the  degradation  produced  by  a 
MCP  dynode.  The  causes  of  MTF  degradation  in  MCP  intensi¬ 
fies  are  the  broad  spread  in  secondary-electron  exit  trajec¬ 
tories  from  adjacent  microchannels  and  the  finite  size  of  the 
microchannels  making  up  the  MCP  structure.  The  effect  of  the 
broad  spread  in  secondary-electron  trajectories  is  to  produce 
poor  proximity  focusing  in  the  space  between  the  MCP  and  the 
phosphor  screen.  The  origin  of  the  broad  spread  in  secondary- 
electron  trajectories  is  the  high  secondary-electron  energies 
coupled  with  the  required  accelerating  voltage  for  good  phosphor 
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conversion  efficiency  and  limited  breakdown  field  observed  in 
any  electron  vacuum  tube.  Typical  values  of  the  energy  of 
electrons  emerging  from  a  MCP  are  in  the  range  10  to  100  ev. 

0i  the  other  hand,  in  a  silicon  TSEi.  dynode,  the  transmission 
secondary  electrons  emerge  via  thermal  diffusion  to  and  across 
a  surface  treated  with  cesium  oxide  to  reduce  the  electron 
affinity  to  zero  with  thermal  energy  equal  to  only  1/40  ev  at 
room  temperature.  While  some  improvement  in  the  MTF  of  MCF 
tubes  has  been  achieved  via  "end  spoiling"  the  channels  to 
restrict  the  angles  of  the  exiting  electrons,  the  MTF  remains 
comparable  to  that  of  a  three -stage,  first-generation  inten- 
sifier,  despite  earlier  predictions  of  a  better  MTF  than  even 
that  of  a  single-stage  inverter  tube. 

Without  the  broad  spread  in  secondary-electron  trajectories, 
the  finite  size  of  the  microchannels  would  ultimately  limit 
the  MTF  of  an  MCP  tube'  in  accordance  with  the  well-known  sam¬ 
pling  theorem  of  communication  theory.  At  a  cent er-to- center 
spacing  of  16  microns,  for  example,  the  MTF  falls  to  zero  at 
a  spatial  frequency  in  the  range  31.2  to  62.4  line  pairs/mm, 
depending  on  the  relative  phase  between  the  microchannei  ar¬ 
ray  and  the  periodicity  of  the  test  pattern.  Efforts  to  make 
finer  microchannei  plates  with  smaller  channels  are  met  with 
greater  difficulties  in  technology  and  result  in  small  gains. 
Guided  by  experience  with  the  silicon -diode-array  camera-tube 
target  and  present  technology  which  allows  the  use  of  targets 
2  to  3  microns  thick,  it  is  safe  to  predict  that  lateral  dif¬ 
fusion  of  excited  electrons  in  the  continuous  silicon  TSEM 
structure  will  not  significantly  degrade  the  MTF  of  a  single- 
stage  image  intej  sifier. 

It  is  clear  that  the  microchannei  approach  should  te  considered  to 
be  only  one  of  two  competing  technologies  for  second-generation  image - 
intensifier  tubes,  and  that  the  silicon  TSEM  offers  a  much  greater  over¬ 
all  improvement.  Barring  unforeseen  problems,  the  silicon  TSEM  approach 
should  be  pursued  as  the  basis  for  a  better  and  cheaper  technology. 
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Preceding  page  blank 


PART  V.  SYMBOLS 


A 

G 


a 


“p 

*v 

VS2 


2 

effective  (illuminated)  photocathode  area,  m  ,  usually 
a  3x4  rectangle  '.nscribed  in  the  circular  photocat’node 

scatter  gain  of  isocon  readout,  dependent  on  target 
material  employed 

scene  elemental  area  imaged  on  the  firsc  photosurface 
by  the  lens 

2 

effective  intensifier  photocathode  area,  m 
effective  phosphor  area,  m^ 

2 

effective  vidicon  photocathode  area,  m 

ratio  of  first -stage  (input)  photocathode  area  to 
second -stage  photocathode  area 


C 


contrast 


D, 


viewing  distance 


2 

E  photocathode  (highlight)  irradiance,  watt/m 

e  electron  charge,  coulombs 

horizontal  scan  efficiency 

Et  intensifier  photocathode  (highlight)  irradiance, 

watt/m2 


min 


E 


P 


minimum  detectable  (highlight)  irradiance  for  a  sensor* 
augmented  observer  wh^n  the  input  image  is  a  square  of 
unit  contrast,  watt/m2 


radiant  eraittance  of  phosphor,  watt/m^ 
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Receding  page  blank 


Et  total  Dhotocathode  irradiance  due  to  a  2854°K  source, 

watt /m * 

Et  maximum  total  photocathode  irradiance  due  to  a  2854°K 

"  source ,  watt/m* 

2 

E^  vidicon  photocathode  (highlight)  irradiance,  watt/m 

ey  vertical  scan  efficiency 

2 

E  maximum  spectral  irradiance,  watt/m  -micron 

\  max 

2 

E,  .  minimum  spectral  irradiance,  watt/m  -micron 

X  mm  r  ’ 

E  (X>  2854°K)  spectral  irradiance  due  to  a  2854°K  source,  watt/m^- 
micron 


3  the  Fourier  transform  of  . . . 

Ft  lens  focal  length,  mm 


G  gain  of  any  signal -amplifying  devices  within  the  camera 

tube  prior  to  the  preamplifier 

Get  electron  gain  at  the  various  intensif ier-phosphor/ 

intcnsifier-photocathode  interfaces 

Ge  ^_2  electron  gain  of  phosphor/photocathode  (or  intensifier- 

*  phosp’.ior/intensifier-photocathode)  combination,  elec¬ 

trons  in/electrons  out 

Gj  electron  gain  due  to  an  added  intensifier 

G_v  apparent  gain  at  the  phosphor /photosurface  interface 

for  an  intensifier  vidicon  of  radiant  sensitivity 
equal  to  oQ  amp/watt 

G^  apparent  light  gain  due  to  the  addition  of  an  intensi¬ 

fier  in  front  of  a  second  intensifier  (or  a  camera 
tube) 

Gl  apparent  light  gain  due  to  a  single  intensifier  of  unit 

’  magnification  coupled  to  a  vidicon 

Gm  electron  multiplier  gain 

Gm  e  gain  of  first  dynode  stage 
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GM,4 

°P 

GT 

g(x) 

g(x,y) 

g(y) 

H 

*b 

Ad 

tb 

tbd 

IBH 

TBo 

td 

Te 

tn 

tnf 

T 

"No 

TPR 

^refl 

XS 


gain  of  stages  following  first  dynode  stage 

gain  at  intensif ier-nhosphor/ image  orthicon  photocathode 

target  gain 

image  wave  shape  weighting  function  in  x  dimension 

image  wave  shape  weighting  function  in  x  and  y 
dimensions 

image  wave  shape  weighting  function  in  y  dimension 

display  height,  inches 

total  electron  beam  current,  amp 
dark  current,  amp 
rms  beam  noise,  amp 

rms  beam  noise  due  to  dark  current,  amp 

rms  beam  noise  proportional  to  signal  level,  amp 

rms  beam  noise  with  optimum  beam,  amp 

rms  first  dynode  noise,  amp 

rms  photoelectron  noise,  amp 

total  rms  noise,  amp 

total  rms  noise  with  fixed  beam  current,  amp 
total  rms  noise  with  optimum  beam  current,  amp 
rms  preamplifier  noise,  amp 

portion  of  electron  beam  that  is  specularly  reflected 
and  does  not  reach  target,  amp 

signal  current  output  (input  to  preamplifier),  amp 
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is 

1sl 

TS  max 
i 

s  max 

i 

i 

s  min 
1scat 

^SF  max 


1 

sv 


highlight  signal  current;  image  signal;  photocurrent, 
amp 

highlight  signal  current  for  isocon,  amp 
maximum  signal  current  output,  amp 
maximum  photocurrent,  amp 
minimum  photocurrent,  amp 

portion  of  electron  beam  scattered  by  interaction  with 
ta.’get,  amp 

maximum  highlight  signal  current  obtainable  from  the 
isocon  when  operated  near  the  knee  of  the  signal 
transfer  curve,  amp 

SEC  camera  tube  photocurrent,  amp 

rms  target  noise,  amp 


Kp  that  fraction  of  highlight  signal  current  Which  is 

dark  current,  amps 

k  radiant  power  conversion  gain  of  a  phosphor  at  peak  x, 

p  watt/amp 

k  ,  radiant  power  conversion  gain  of  a  phosphor,  including 

p  coupling  losses  to  second-stage  photocathode,  watt/amp 

Kg  signal  reduction  factor  variously  attributed  to  field 

mesh  transmittance  or  incomplete  separation  of  reflected 
and  scattered  electrons 

Kv  proportionality  constant  related  to  photoconductor 

sensitivity 


m 


beam  modulation  factor 


N  spatial  frequency,  TV  lines/picture  height 

Nc  frequency  at  which  MTF  becomes  negligible,  TV  lines/ 

picture  height 
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n 


b 


NH 

Nh 

Nhc 

Nh* 


n 


N 

TV 

NTVP 

ntvp/w 

NV 

Nv 


n 


v 


mean  number  of  photoelectrons  in  background  flux  from 
an  equivalent  area  a  adjacent  to  the  image  of  the 
primary  object 

maximum  horizontal  resolution,  TV  lines/raster  height 

number  of  horizontal  TV  lines  per  picture  height  = 

Y/x0 

cutoff  frequency,  TV  lines/picture  height 

spatial  frequency  of  square-wave  input  image,  half¬ 
cycles  per  picture  height  =  l/x0,  when  x0  is  measured 
in  units  of  picture  height 

spatial  frequency,  line  pairs/millimeter 

mean  number  of  photoelectrons  generated  by  a  photo- 
surface  in  time  t  by  the  image  of  an  object  in  the 
scene  whose  image  area  is  a 

frequency,  TV  lines/picture  height 

number  of  line  pairs/picture  height 

number  of  line  pairs/picture  width 

number  of  active  scanning  lines 

number  of  vertical  lines  per  picture  height  =  y/yQ 

height  of  bar  in  terms  of  number  of  bar  widths 

number  of  photoelectrons  generated  by  a  photosurface 
per  unit  area  and  time 


P  . 
min 

R 

Ro  ^NTV^ 

Ro  <V 

r0(x,y) 


minimum  detectable  power,  watts 
vacuum  range 

MTF  or  sine-wave  response  in  x  direction  for  frequency 
N 

TV 

MTF  or  sine-wave  response  in  x  direction  for  frequency 
Nh 

sensor  response  at  a  point  x,y  with  an  impulse  input 


181 


R 


o(vV 


VN) 

VNh) 

R(X) 


Fourier  transform  of  the  impulse  response,  known  as 
the  complex  steady-state  frequency  response,  tn? 
optical  transfer  function,  the  sine-wave  response,  or 
the  modulation  transfer  function  (MTF) 

square -wave  amplitude  response  for  frequency  N 

square -wave  amplitude  response  for  frequency 

relative  spectral  response  of  photosurface 


R 


0) 


sine -wave  response  at  spatial  frequency  <u 


SNRD 

SNRp/C 

snrd,t 

snrd/a 

snrd/a,t 

snrd/e 

snrd/e,t 

SNRy 

snrvm,t 

snrv,n,c 

snrv,rms 

SNRv,o,c 

SNRv,o,i 

Sq(N) 


display  signal-to-noise  rat.io 

display  signal-to-noise  ratio  to  contrast  C 

threshold  display  signal-to-noise  ratio  (that  needed 
to  obtain  a  detection  probability  of  O.B') 

display  signal-to-noise  ratio  per  unit  image  area 

threshold  display  signal-to-noise  ratio  per  unit 
image  area 

display  signal-to-noise  ratio  per  element  E 
threshold  display  signal-to-noise  ratio  per  element  E 
video  signal-to-noise  ratio 

measured  value  of  threshold  video  signal-to-noise 
ratio 

video  signal-to-noise  ratio  measured  or  calculated  by 
using  a  bar  pattern  of  frequency  NTy  lines/picture 
height  and  contrast  C 

root-mean-square  video  signal-to-noise  ratio 

broad-area  video  signal-to-noise  ratio  at  near-zero 
spatial  frequency  and  contrast  C 

video  signal-tO-noise  ratio  at  near-zero  spatial 
frequency  and  unity  contrast 

Fourier  transform  of  a  square  wave 
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integration  time  of  the  eye,  sec 
mesh  transmittance 

picture  width 

picture  width 

scene  ’’ground”  resolution 

input  pulse  width 


Y  picture  height 

yQ  input  pulse  height 

Z  random  variable  =  SNRp  -  SNR^  T 

Z(x)  relative  spectral  distribution  of  phosphor  radiance 


a 


Y 


Af 


Ay 

«Q(x,y) 

X 


0 


GI 

ap 

°T 


horizontal-to-vertical  picture  aspect  ratio;  width -to- 
height  aspect  ratio  of  CRT  display,  commonly  4:3 

slope  of  log-log  plot  of  signal-to-noise  retie  versus 
signal  irradiance,  normally  specified  along  the  linear 
portion  of  the  curve 

video  bandwidth,  Hz 

linear  dimension  of  bar  width;  bar  spacing 

unit  volume  impulse 

wavelength  of  radiation,  microns 

photocathode  radiant  sensitivity,  amp/watt,  to  a  given 
source  such  as  a  tungsten  lamp  operated  at  2854°K 

radiant  sensitivity  of  intensifier  photocathode, amp/watt 

absolute  radiant  sensitivity  of  photosurface  at  peak 
X,  amp/watt 

total  photocathode  radiant  sensitivity  to  a  2854°K 
source ,  amp/watt 
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0(u)x) 


photocathode  radiant  sensitivity  of  vidieon 

phase  transfer  function  in  horizontal  direction,radians 


0(  U)y) 


phase  transfer  function  in  vertical  direction  radians 
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V.  TELEVISION  CAMERA  TUBE  PERFORMANCE  AND  DATA 


by  Frederick  A.  Rosel! 


A.  INTRODUCTION 

New  and  different  types  of  television  camera  tubes  are  becoming 
available  at  an  ever-increasing  rate.  While  these  new  sensors  must 
inevitably  lead  to  improved  imaging  systems,  the  process  of  sensor 
selection  becomes  more  demanding  and,  should  the  traditional  methods 
of  comparative  laboratory  evaluation  be  followed,  costs  will  become 
prohibitive  to  all  but  the  largest  laboratories.  To  evaluate  a  single 
new  developmental  sensor  can  often  require  an  investment  of  tens  of 
thousands  of  dollars  and  many  months  of  time,  with  no  assurance  that 
the  result,  based  on  a  single  sample,  will  be  representative. 

In  many  cases,  however,  the  need  for  competitive  evaluation  can 
be  greatly  reduced  by  the  use  of  analytical  performance  prediction 
methods.  These  methods  have  been  developed  to  the  point  where  the 
computed  performance  of  a  sensor  such  as  a  television  camera  tube  is 
found  to  be  in  good,  if  not  perfect,  agreement  with  measured  capability. 
Indeed,  in  m^st  instances,  the  difference  between  computed  and  measured 
performance  is  less  than  the  expected  error  in  measurement.  Signifi¬ 
cant  differences,  where  they  exist,  are  being  rapidly  resolved,  and 
the  results  now  being  obtained  are  quite  usable  in  their  present  form. 
This  is  particularly  tree  in  making  sensor  comparisons  because,  as  far 
as  is  known,  the  calculations  do  not  significantly  favor  one  type  of 
sensor  over  any  c':her.  The  principal  shortcomings  of  tn.  dialyses  are 
these : 
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•  The  methods  of  describing  image  lag  are  quite  primitive. 

•  Defects  such  as  picture  nonuniformity,  graininess,  and  blem¬ 
ishes,  which  are  sometimes  lumped  under  the  elusive  term, 
"picture  quality,"  are  largely  undefined. 

Thus,  while  one  can  greatly  narrow  tube  selection  for  any  application 
analytically,  one  cannot  escape  laboratory  evaluations. 

The  following  discussion  will  first  review  the  evolution  of  low- 
light-level  television  (LLLTV)  sensors  and  then  proceed  to  describe 
the  analytical  prediction  methods  and  apply  them  to  five  different 
television  sensor  types: 

1.  The  v id icon, 

2.  The  secondary  electron  conduction  (SEC)  camera  tube, 

3.  The  image  orthicon  (10), 

4.  The  image  isocon  (II),  and 

5.  The  silicon  electron  bombardment  induced-response  (SEBIR)* 
tube . 

These  tubes  w:.ll  be  considered  si  gly  and  in  combination  with  one  or 
more  ^ntensif  ier?  .  While  the  primary  emphasis  will  be  on  tubes  ft  -:t 
have  low-light-level  potential,  the  performance  of  tubes  such  as  the 
vidicon,  which  are  only  suitable  at  high  light  levels,  will  be  analyzed. 

1.  evolution  of  Low-Light -Level  Television 

By  day,  the  unaided  human  eye  can  resolve  a  small  high-contrast 
object  which  subtends  an  angle  of  only  0.15  milliradians .  At  night - 
the  same  object  must  subtend  15  milliradians  or  more  to  be  equally  de¬ 
tectable.  This  corresponds  to  a  hundredfold  loss  in  resolving  power. 

In  recent  times,  it  has  been  found  possible  to  restore  an  observer’s 
night  vision  to  its  r’  lytime  value  by  means  of  electrooptical  sensory 
systems  such  as  LLLTV. 


* 

Or  SiEBIR.  Also  variously  known  as  the  silicon  diode  array  storage 
tube,  the  silicon  intensifier  tube  (SIT)  (RCA),  the  electron -bombarded 
silicon  (EBS)  tube  ( Westinghouse) ,  and  the  intensified  diode  array 
camera  (IDAC)  tube  (Army  Electronic?  Command). 
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The  history  uf  LLLTV  probably  begins  with  the  development  of  the 
image  orthicon  in  1946.  This  tube,  when  equipped  with  a  suitable  lens 
of  moderate  spaed,  could  provide  resolving  power  comparable  to  that  of 
the  unaided  human  eye.  In  format,  the  10  consists  of  a  photoemissive 
photocathode  followed  by  a  target-mesh  assembly  that  both  amplifies 
and  stores  the  image  during  the  periods  between  signal  readout  by  a 
scanning  electron  beam.  Tha  10  incorporates,  in  addition,  an  integral 
return-beam  electron  multiplier  that  serves  as  a  low-noise  preamplifier. 
The  primary  improvements  in  the  10  in  the  years  following  1946  were  in 
the  photocathude  and  the  target. 

In  the  early  1950’s,  a  new  photocathode — the  S-20  photoemitter — 
was  developed.  The  S-20  was  four  times  more  sensitive  than  what  had 
previously  been  available.  Further  inroads  on  sensitivity  were  made 
in  the  mid-195G’s  with  the  development  of  a  new  thm-film  metal-oxide 
target  that  provided  a  signal  amplif ication  three  to  five  times  greater 
than  that  of  the  glass  target  originally  used. 

To  achieve  true  low-light -level  capability,  an  image  intensifier 
had  to  be  added  to  the  image  orthicon.  This  device  converts  an  input 
photon  image  into  a  photoelectron  image,  which  is  then  accelerated  to 
a  phosphor.  The  phosphor  recreates  a  visible  image  of  greater  bright¬ 
ness  than  the  image  incident  on  the  input.  This  brighter  image  is 
f iber-optically  piped  to  the  image  orthicon  and  provides  an  additional 
light  gain  of  between  30  and  50.  With  this  increased  gain,  the  in¬ 
tensifier  image  orthicon  (1-10)  very  nearly  achieves  the  so-called 
photoelectron-noise -limited  condition  for  stationary  broad-area  images. 
This  means  that  the  primary  noise  at  the  output  of  the  tube  is  due  to 
the  inherent  fluctuations  in  the  primary  photoprocess  due  to  the  con¬ 
version  of  photons  to  electrons.  This  noise  represents  a  fundamental 
limitation,  and  since  the  fundamental  limits  had  apparently  been 
reached,  it  might  be  thought  that  the  development  of  LLLTV  had  been 
completed,  however,  because  of  other  defects,  this  was  not  the  case. 

In  icw-light-level  imaging,  it  is  necessary  to  amplify  the  input 
photoelectron  noise  to  a  level  well  above  that  of  any  tube-  or  system- 
generated  noise.  In  the  case  of  the  1-10,  the  primary  system  noise  is 
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that  of  the  scanning-electron-beam  noise  at  the  input  of  its  internal 
electron  multiplier  preamplifier.  This  is  very  low,  and  therefore  the 
gain  needed  for  photoelectron  noise  to  overwhelm  the  beam  noise  is  not 
large.  For  the  I-IO,  the  gain  needed  and  provided  is  about  500.  One 
result  of  this  low  gain,  however,  is  that  the  beam  current  is  very 
small  as  well,  which  makes  the  time  constant  long.  While  target  capac¬ 
itance  is  made  as  small  as  possible,  there  are  limits  to  capacitance 
reduction  because  signal  storage  capability  is  reduced  correspondingly. 
The  net  result  is  that  the  I-IO  tends  to  be  of  limited  dynamic  range 
and  somewhat  laggy.  The  effect  of  lag  is  to  decrease  signal  for  scenes 
in  motion. 

In  the  early  1960’s,  the  intensifier  secondary  electron  conduc¬ 
tion  (I-SEC)  camera  was  developed.  The  secondary  electron  conduction 
(SEC)  target  provides  a  tenfold  increase  in  gain  before  readout  by  the 
beam  and  is,  therefore,  much  less  laggy.  Because  the  SEC  tube  uses 
an  external  preamplifier  that  is  noiser  than  the  internal  electron 
multiplier  preamplifier  of  the  10,  the  higher  train  is  needed  to  acquire 
sensitivity  for  the  I-SEC  comparable  to  that  of  the  I-IO.  Both  the 
I-IO  and  I-SEC  fall  somewhat  short  of  photoelectron  noise  limits  at 
the  very  lowest  light  levels,  but  the  deficiency  is  not  serious.  Be¬ 
sides  being  less  laggy,  the  I-SEC  is  less  complicated  to  operate  and 
has  a  wider  dynamic  range.  Thus,  by  the  mid-1960’s,  the  I-SEC  had 
substantially  replaced  the  I-IO  in  LLLTV  systems. 

The  I-SEC  also  has  its  faults,  however.  The  time  constant, 
though  much  improved,  becomes  marginal  at  the  very  lowest  light  levels. 
Also,  some  increase  in  sensitivity  would  be  desirable.  Both  the  10 
and  SEC  targets  were  initially  subject  to  damage  by  extreme  overex¬ 
posure  to  about  the  same  degree,  although  both  could  usually  be  pro¬ 
tected  by  electronic  means.  More  recently,  a  mesh -supported  SEC  tar¬ 
get  has  bean  developed  that  is  many  factors  of  ten  less  prone  to  dam¬ 
age  and  that  should  be  proof  against  all  but  the  most  severe  environ¬ 
ments.  Even  with  extreme  overexposure,  the  damage  to  the  new  SEC 
target  is  localized  to  the  overexposed  area  rather  than  to  a  general 
area,  as  before. 
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Sufficient  gain  to  make  any  TV  sensor  photoeiectron  noise  limited 
can  always  be  provided  by  adding  a  sufficient  number  of  intensifies 
to  its  input.  Unfortunately,  this  involves  a  number  of  imaging  and 
reimaging  steps,  and,  at  each  step,  resolving  power  is  lost.  Thus, 
every  effort  is  made  to  minimize  the  number  of  intensifiers.  In  cur¬ 
rent  practice,  most  high-quality  LLLTV  systems  employ  one  image- 
intensifier  stage,  which  is  sufficient  to  provide  the  needed  gain  arid 
usually  does  not  degrade  overall  resolving  power  by  a  large  amount. 
With  only  one  intensifier,  the  principle  resolution-limiting  element 
in  an  LLLTV  camera  is  the  combination  of  the  target  and  the  electron 
scanning  beam  in  the  TV  pickup  tube.  For  the  I-SEC,  the  principal 
problem  is  the  interaction  of  the  electron  beam  with  a  suppressor  mesh 
needed  to  prevent  an  image-runaway  condition.  Because  of  this  inter¬ 
action,  about  the  only  way  to  improve  resolving  power  is  to  increase 
the  SEC  target  size,  but  this  increases  target  capacitance,  lag,  and 
tube  size. 

The  most  promising  new  sensor  becoming  available  is  the  intensi¬ 
fier  silicon  electron  bombardment  induced  response  (I-SEBIR)  tube, 
which,  except  the  target,  is  identical  in  construction  to  the  I-SEC. 

In  the  I-SEBIR,  the  target  is  a  matrix  of  silicon  diodes.  The  prin¬ 
cipal  features  of  this  new  target  are  a  twentyfold  higher  gain  than 
the  I-SEC  and  an  immunity  to  damage  by  overexposure.  The  gain  is 
more  than  sufficient  to  ensure  that  I-SEBIR  cameras  will  be  photo- 
electron  noise  limited  at  all  light  levels  of  interest  and  to  ensure 
an  adequate  speed  of  response . 

The  current-resolving  power  of  the  I-SEBIR  is  comparable  to  that 
of  the  I-SEC  camera.  It  is  expected  that  the  resolving  power  will  in¬ 
crease  with  time  as  target  size  is  increased.  Because  no  suppressor 
mesn  is  needed  in  the  I-SE3IR,  there  is  none  to  form  a  fundamental 
limit  to  resolution  as  there  is  in  the  I-SEC.  Also,  the  absence  of  a 
suppressor  mesh  results  in  a  tube  that  has  lower  shunt  capacitance  and 
is  less  subject  to  microphonics.  Because  lag  should  be  smaller  than 
it  needs  to  be,  some  increase  in  lag,  which  would  accompany  increases 
in  target  size,  can  be  permitted. 
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The  I-SEBIR  shows  high  premise.  Good  tubes  have  been  constructed 
and  tested.  Blemishes  and  uniformity  problems,  though  not  completely 
solved,  are  tolerable  for  military  applications.  A  target  lifetime 
problem  due  to  soft  X  rays  has  been  encountered,  but  this  problem  ap¬ 
pears  manageable. 

To  recapitulate,  the  four  principal  LLLTV  pickup  systems  employed 
to  date  or  expected  to  be  used  in  the  near  future  are  given  in  Table 
V-A-l. 

TABLE  V-A-l.  PRINCIPAL  LLLTV  PICKUP  SYSTEMS  AND  DATES  OF  USE 


System  Dates 

Image  Orth icon  (10)  1946-1961 

Image  Isocon  (II)*  1949- 

Intensifier  -  .''age  Orthicon  (I-IO)  1961-1965 

Intensifier  -  Secondary  Electron  Conduction  1965- 

(I-SEC)  Camera 

Intensifier  -  Image  Isocon  (I-II)**  1969- 

Intensifier  -  Silicon  Electron  Bombardment  1971- 

Induced.  Response  (I-SEBIR)  Camera 

~=5 - 


Though  introduced  in  this  year,  the  II  has  not  been  used 
extensively. 

** 

Used  for  evaluation  only. 

The  improvements  obtained  in  low-light -level  imaging  are  illus¬ 
trated  in  Fig.  V-A-l. 

As  can  be  seen,  the  image  orthicon  improved  by  a  factor  of  100 
in  the  1546-1961  time  span.  It  was  gradually  replaced  by  the  I-SEC 
camera,  which  by  1965  gave  roughly  equal  sensitivity,  somewhat  higher 
resolving  power,  and  lower  lag.  The  I-SEC  continued  to  improve  both 
in  sensitivity  and  resolving  power  until  a  fairly  high  order  of  capa¬ 
bility  was  achieved  in  1969.  The  I-SEBIR  became  available  in  very 
limited  quantity  in  1969.  At  the  lower  line  numbers,  its  sensitivity 
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is  outstanding,  but  its  maximum  resolving  power  is  limited.  The 
projected  improvement  in  the  I-SEBIR  is  also  shown  in  Fig.  V-A-l. 

This  projection  is  based  on  increase  in  target  size  only.  Other  tech¬ 
nological  improvements  can  also  be  expected. 


FIGURE  V-A-l .  Limiting  Resolution  Versus  Scene  Irradiance  for  Various  40-mm 
Low -Light-Level  Television  Cameras.  An  F/1.5  Lens  is  Assumed 

Photocathodes  have  also  improved  steadily  in  quality  and  sensi¬ 
tivity  over  the  years.  The  earliest  television  camera  tubes  employed 

the  S-l  photoemitter,  which  was  characterized  by  a  v$ry  high  dark  cur- 
-11  -12  2 

rent  of  10  to  10  amp/cm  ,  a  wide  spectral  response  of  from  0.4 
to  1.2  microns,  and  a  rather  low  radiant  sensitivity  to  tungsten  light 
of  0.25  ma/watt.  This  surface  is  now  used  only  in  conjunction  with 
auxiliary  scene  illuminators.  The  first  image  orphicons  available  in 
1946  employed  an  S-10  photoemitter,  which  had  a  lower  dark  current  of 
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-13  -14  ° 

10  to  10  amp/cnf  ,  a  more  restricted  spectral  bandpass  of  from 
0.4  to  0.7  microns,  and  a  larger  radiant  sensitivity  of  0.5  ma/watt. 
This  surface  is  prized  mainly  for  its  ease  of  manufacture  and  the 
similarity  of  its  spectral  response  to  that  of  the  human  eye. 

The  S--20  photoemitter,  developed  in  the  early  1950’ s,  had  a  very 
low  dark  current  of  10  ^  to  10  ^  amp/cm^,  .  improved  spectral  band¬ 
pass  of  from  0.4  to  0.8  microns,  and  a  much  larger  radiant  sensitivity 
of  3.0  ma/watt.  By  the  early  1960’s,  the  red  response  of  the  S-20  im¬ 
proved  and,  along  with  that,  the  radiant  sensitivity  increased  to 
4-4.5  ma/watt.  This  surface  became  known  informally  as  the  S-20XR 
(XR  for  extended  red).  Even  further  improvements  in  the  mid-1960’s 
led  to  sensitivities  of  the  order  of  4. 5-5. 5  ma/watt.  This  version 
of  the  S-20  was  type  classified  as  the  S-25. 

In  the  late  1960's,  the  S-20  was  once  again  improved.  This  new 
surface,  now  known  as  the  S-20VR  (VR  .  c  very  red),  shows  appreciable 
response  at  0.85  microns  and  radiant  sensitivities  in  the  6-9  ma/watt 
region.  It  is  understood  that  dark  current  has  not  significantly  in¬ 
creased  as  the  S-20  has  been  successively  improved. 

The  spectral  responses  of  these  various  surfaces  as  they  currently 
exist  are  shown  later  in  Fig.  V-B-2  (p.  248)  and  the  other  parameters 
are  shown  in  Table  V-A-2. 

Improved  photocathodes  lead  to  increased  sensitivity.  The  in¬ 
crease  in  sensitivity  is  directly  proportional  to  photocathode  sen¬ 
sitivity  if  the  sensor  is  preamplifier  or  system  noise  limited.  If 
the  sensor  is  phot'oe^cctron  noise  limited,  as  is  the  case  for  LbLTV, 
the  increase  in  sensitivity  is  proportional  to  the  square  root  of 
photocathode  sensitivity.  However,  target-to-back.ground  contrast  is 
often  significantly  higher  at  the  longer  wavelengths  to  wiich  the  new, 
improved  sensors  are  sensitive. 

To  achieve  real-time,  low-light-level  imaging,  it  is  necessary 
to  substantially  amplify  the  photoelectron  signal  generat’d  by  the 
photocathode  prior  to  readout  by  the  electron  beam.  A  large  gain 
serves  two  useful  purposes: 
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1.  A  large  gain  raises  the  photoelectron  signal  and  noises  to 
levels  well  above  that  of  the  video  preamplifier  that  di¬ 
rectly  follows  the  readout  process. 

2.  A  large  gain  reduces  the  readout  time  constant,  since  a  high 
gain  implies  a  high  reading  beam  current. 

Indeed,  a  higher:  gain  is  often  needed  to  achieve  a  satisfactory  time 
constant  than  is  needed  simply  to  eliminate  the  preamplifier  as  a 
noise  source. 


TABLE  V-A-2.  PARAMETERS  OF  VARIOUS  PHOTOCATHOPES 


Period 

Type 

Dark 

Current, 

amp/cm^ 

Radiant 
Sensitivity 
@  0.85  micron, 
ma/watt 

Radiant* 

Sensitivity, 

ma/watt 

— 

S-l 

io^-io"12 

1.5-2. 5 

0.25 

1946 

S-10 

io“13-io"14 

— 

0.5 

Early 

1950’s 

S-20 

io“15-io“16 

— 

3.0 

Early 
1960 ’s 

S-20XR 

10“15~10"16 

1-2.5 

4-4.5 

Mid- 
1960 ’s 

S-25 

10“15-10"16 

5-9 

4. 5-5. 5 

Late 
1960 ’s 

S-20VR 

10-15-10-16 

20-25 

5. 5-9.0 

*  o 

For  tungsten  sources  operated  at  2854  K. 

One 

method  of 

achieving  large 

gains  is  simply  to 

cascade  a  number 

of  image 

intensifiers  in  front  of 

the  TV  pickup  tube. 

While  any  amount 

of  gain  can  be  provided  in  this  manner,  a  severe  loss  in  resolving 
power  will  be  incurred  because  at  each  imaging  and  reimaging  step, 
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signal  amplitude  modulation  due  to  image  detail  is  lost..  Thus,  the 
effort  is  to  achieve  the  requisite  gain  with  a  minimum  number  of  com¬ 
ponents  . 

Most  of  the  more  sensitive  TV  pickup  tubes  err-  oy  signal  storage 
targets  that  also  have  gain.  While  these  gains  can  be  appreciable, 
all  of  these  tubes,  in  current  practice,  require  at  least  one  addi¬ 
tional  image -in tens if ier  stage  either  to  obtain  the  necessary  gain  or 
to  sufficiently  reduce  the  time  constant  or  to  do  both.  Ordinarily, 
the  intensifier  provides  an  additional  gain  of  about  40. 

It  can  be  observed  in  Table  V-A-3  that  the  gain  of  the  intensi¬ 
fier  image  orthicon  is  not  large.  Even  so,  it  is  known  that  this  tube 
is  a  quite  capable  performer.  The  reason  for  this  apparent  discrep¬ 
ancy  is  that  the  image  orthicon  employs  a  return-beam  electron  mul¬ 
tiplier  as  a  preamplifier.  From  a  sensitivity  viewpoint,  it  is  suf¬ 
ficient  to  have  enough  gain  to  overcome  preamplifier  noise,  and  the 
noise  of  an  electron  multiplier  is  very  low  compared  to  that  of  an 
external  preamplifier.  One  rough  measure  or  indicator  of  the  ade¬ 
quacy  of  the  gain  is  the  ratio  of  gain  to  preamplifier  noise,  as  is 
shown  in  Table  V-A-3.  It  should  be  noted  that  it  is  possible  to  have 
too  much  gain,  which  is  the  case  for  the  I-SEBIR  tube.  However ,  gain 
can  be  quite  easily  reduced. 

Also  shown  in  Table  V-A-3  is  an  estimate  of  lag  characteristics. 

While  the  I-IO  with  MgO  target  is  very  acceptable  from  a  sensitivity 
viewpoint,  its  low  gain  before  readout  results  in  an  overly  large  lag. 

The  1-SEC,  though  slightly  less  sensitive,  is  much  less  laggy.  How¬ 
ever,  even  the  I-SEC  must  be  considered  marginal  at  the  lowest  light 
levels.  The  I-SEBIR  should  not  have  these  problems. 

2.  Performance  Criteria  for  Sensor  Analysis 

Camera  tube  manufacturers  routinely  supply  certain  data.  Ordi¬ 
narily,  this  includes  a  signal  transfer  curve,  j  bar-pattern  amplitude 
response  function,  and  sometimes  a  limiting  resolution  versus  light 
level  characteristic.  Certain  other  auxiliary  data,  such  as  interelectrode 
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capacitance,  photocathode  response,  and  residual  signal  characteris¬ 
tics,  may  also  be  provided. 


TABLE  V-A-3.  COMPARISON  OF  GAIN-TO-PRF AMPLIFIER- NOISE  RATIO 


Feriod 

Tube 

Type 

Target 

Type 

Product 
of  Target 
and  In¬ 
tensif  ier 
Gain 

IPA 

Preamp 

Noise, 

na 

^PA 

Lag:  Ratio 
of  Actual 
to  Acceptable 
at  Very  Low 
Light  Levels 

Early 

1950's 

I -10 

Glass 

120 

0.25* 

480 

100 

Late 
1950 's 

I -10 

MgO 

400 

0.25* 

1,600 

10 

Early 
I960' s 

I -SEC 

SEC 

4,000 

3.0 

1,333 

2 

Late 

196G's 

I-SEEIR 

Silicon 

Matrix 

80,000** 

3.0 

26,666** 

0.5 

* 

With 

fixed  beam  current 

,  noise  is 

at  the 

input  to  the  internal 

electron  multiplier. 

** 

In  practice,  gain  will  be  reduced  to  between  10,000  and  20,000, 
and  therefore  the  gain -to -preamp] if ier  noise  ratio  G/Ip,  will 
range  from  3,300  to  6,600. 


The  signal  transfer  characteristic  is  a  plot  of  signal  current  at 
the  camera  tube's  output  as  a  function  of  the  input  photocathode  ir- 
radiance  or  illuminance  as  shown  in  Fig.  V-C-2.  This  is  measured 
using  a  broad-area  test  image  which  is  not  degraded  by  any  sensor 
aperture.  Under  certain  conditions,  the  signal  transfer  curve  may  be 
indicative  of  relative  sensor  sensitivity,  but  many  exceptions  can  be 
noted.  In  fact,  the  extension  of  the  transfer  characteristic  to  lower 
photocathode  irradiance  levels  by  means  of  intensif iers,  for  example, 
may  result  in  either  sensitivity  improvement  or  merely  a  reduction  in 
dynamic  range.  Also,  the  signal  transfer  characteristic  contains  in¬ 
formation  regarding  neither  sensor  noise  nor  its  resolving  power. 
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The  bar-pattern  amplitude  response  function  is  a  measure  of  a 
camera  tube’s  ability  to  resolve  fine  image  detail  if  the  signal-to- 
noise  ratio  available  i?  otherwise  high  enough.  Its  primary  function 
is  to  determine  the  extent  to  which  the  finite  apertures  of  the  camera 
tube  degrade  the  signal  generated  by  the  input  photocathode.  To  meas¬ 
ure  it,  a  bar  pattern  of  known  amplitude  and  of  very  low  spatial  fre¬ 
quency  is  projected  on  the  photocathode  and  the  output  signal  ampli¬ 
tude  is  noted.  Next,  the  spatial  frequency  of  the  bar  pattern  is  in¬ 
creased  step  by  step,  and  the  ratio  of  the  output  signal  amplitude  at 
the  high  spatial  frequency  to  that  measured  at  the  low  reference  fre¬ 
quency  is  computed.  A  typical  result  is  shown  in  Fig.  V-C-3  (p.  263). 
Ordinarily,  the  amplitude  response  function  conveys  no  sensitivity  or 
noise  information. 

While  the  signal  transfer  and  amplitude  modulation  curves  are  re¬ 
lated  to  sensor  performance,  performance  cannot  be  inferred  from  them 
directly. 

The  video  signal-to -noise  ratio  obtainable  from  the  sensor  as  a 
function  of  the  input  photocathode  irradiance  is  a  somewhat  better  in¬ 
dicator  of  performance.  Usually,  it  is  measured  for  broad-area  images 
at  fairly  high  light  levels  and  extrapolated  to  lower  light  levels 
analytically.  Also,  the  results  can  be  extrapolated  to  bar-pattern 
images  of  fine  detail  in  many  cases  by  appropriately  multiplying  the 
broad-area  video  signal-to-noise  ratio  by  the  amplitude  response. 

This  ratio  is  of  some  interest  in  applications  where  the  video  signal 
is  used  directly,  as  in  contrast  trackers.  However,  the  video  signal- 
to-noise  ratio  does  not  translate  directly  into  resolving  power.  Fur¬ 
thermore,  it  is  a  function  of  video  bandwidth,  which  is  not  fundamental 
to  the  detection  process  as  performed  by  a  human  r ’'server. 

From  the  viewpoint  of  the  human  observer,  a  new  measure,  the  dis¬ 
play  signal-to-noise  ratio,  will  be  defined  ir  the  following.  This 
represents  the  signal-to-noise  ratio  associated  with  the  image  on  the 
cathode-ray  tube  display.  Since  the  image  signals  and  noises  have 
been  so  highly  amplified  and  magnified  before  being  displayed,  it  has 
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been  shown  that  the  display  signal-to-noise  ratio  will  not  be  signifi¬ 
cantly  degraded  by  the  eye  over  a  wide  range  of  conditions.  There¬ 
fore,  the  signal-to-noise  ratio  at  the  observer’s  retina  will  be  es¬ 
sentially  identical  to  that  on  the  display.  The  display  signal-to- 
noise  ratio  is  very  nearly  independent  of  video  bandwidth.  A  further 
merit  of  the  display  signal-to-noise  ratio  as  defined  is  that  it  has 
been  experimentally  determined  that  the  ratio  needed  to  detect  a  given 
type  of  image  liminally  is  approximately  constant,  as  shown  in  Fig. 
V-C-5  (p.  269).  Since  the  display  signal-to-noise  ratio  includes  the 
camera  tube’s  signal  transfer  characteristic,  its  amplitude  response,* 
and  all  of  the  noises  generated  either  in  the  primary  photoprocess  or 
in  subsequent  signal  processing,  it  represents  a  reasonably  good  means 
of  comparing  various  camera  tubes. 

The  intersection  of  the  display  signal-to-noise  ratio  obtainable 
with  that  needed  by  the  observer  as  shown  in  Fig.  V-C-5  (p.  269)  can 
be  used  to  determine  the  limiting  resolution  versus  light  level  char¬ 
acteristic  such  as  is  shown  in  Fig.  V-C-6  (p.  271).  This  character¬ 
istic  can  be  measured  directly  by  an  observer  by  projecting  a  bar 
pattern  of  known  spacing  and  irradiance  level  on  the  photocathode  and 
reducing  the  irradiance  level  until  the  pattern  becomes  barely  dis¬ 
cernible.  While  not  as  versatile  as  the  display  signal-to-noise  ratio 
curves,  the  resolution  versus  irradiance  level  characteristic  has  some 
utility  in  that  it  can  be  roughly  related  to  the  maximum  scene  resolu¬ 
tion  to  be  expected  at  a  given  scene  radiance  level. 

3 . '  Electrooptical  Imaging  Sensor  Analysis 

In  viewing  a  scene  indirectly  on  the  display  of  an  electrooptical 
sensor,  the  lens  and  photosurface  of  the  sensor  replace  the  lens  and 
retina  of  the  eye  as  the  primary  phototransducer.  The  purpose  of  re¬ 
placing  the  eye  in  thus  manner  is  to  provide  the  observer  with  capa¬ 
bility  he  does  not  ordinarily  have.  For  example,  the  sensor  can  have 
greater  aperture  and  longer  focal  length  to  increase  light  gathering 


* 

Square -wave  amplitude  response  as  currently  defined. 
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capabilicy  and  resolution  of  scene  detail.  Photocathodes  of  greater 
quantum  efficiency  than  the  eye  can  be  obtained  in  the  visible  re¬ 
gion,  and.  if  desired,  imaging  at  wavelengths  far  beyond  the  visible 
can  be  provided.  Even  without  these  'ttributes,  the  sensor  may  be  of 
some.'  use,  since  it  can  be  remotely  located. 

The  essentials  of  an  electrooptical  imaging  sensor  are  shewn  in 
Fig.  V-A-2.  The  scene,  consisting  of  a  small  area  a  in  this  case,  is 
image-d  on  the  photosurface  by  the  lens.  The  photosurface  converts  the 
scene  photon  image  to  a  photoelectron  image  that  is  amplified  and  mag¬ 
nified  by  a  signal  processor  and  focused  on  a  phosphor  that  creates  a 
visible  light  image.  Finally,  photons  from  the  displayed  image  are 
collected  by  the  observer’s  lens  and  projected  onto  his  retina,  which 
converts  the  image  to  sensory  impulses  for  subsequent  processing  and 
interpretation  by  the  brain. 
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FIGURE  V-A-2.  Electrooptical  Image  Process 

In  the  following  discussion,  the  degree  to  which  the  sensor  can 
aid  the  observer  will  be  determined.  The  main  emphasis  will  be  on  the 
overall  sensor  sensitivity  and  resolving  power.  The  observer  will  be 
as  an  integral  part  of  the  overall  system.  We  will  show  that  the 
capability  of  the  sensor-augmented  observer  can  be  analytically  predicted 
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for  simple  scene  test  patterns  ,;uch  as  disks,  rectangles,  and  bar  pat¬ 
terns  and  that  these  predictions  correlate  closely  with  measured  re¬ 
sults.  However,  sensory  system  performance  prediction  must  still  be 
regarded  as  an  art  needing  considerable  development  to  achieve  greater 
precision  and  to  extend  the  results  to  more  complicated  (and  more  re¬ 
alistic)  imaging  situations.  To  the  extent  that  the  analysis  applies 
at  all,  it  applies  equally  well  to  any  electrooptical  sensor,  including 
low-light-level  television  and  real-time  forward-looking  infrared 
scanners . 

In  most  electrooptical  sensory  systems,  the  designer  has  some 
latitude  in  selecting  the  censor  objective  lens  and  input  photode¬ 
tector  type.  For  present  purposes,  both  the  lens  and  phototransducer 
can  be  considered  to  be  design  parameters.  Then,  the  beginning  point 
of  the  analysis  is  the  output  of  the  photosurface,  which  may  be  con¬ 
sidered  to  be  the  source  of  a  photoelectron  image.  System  elements, 
including  the  observer,  will  be  generally  unaware  of  the  source  of 
this  image.  We  do  observe,  however,  that  the  photon-to-electron  con¬ 
version  process  is  noisy  and  that  there  is  a  signal-to-noise  ratio  as¬ 
sociated  with  the  primary  photoprocess  that  inherently  limits  its  in¬ 
formation  content. 

The  function  of  the  signal  processor  is  to  amplify  the  signal  and 
magnify  it  as  necessary  to  preclude  the  possibility  that  the  eye  will 
he  acuity-limited  by  either  image  size  or  luminance.  Were  the  sensor 
ideal,  the  signal  and  noises  generated  by  the  input  photosurface  would 
be  equally  amplified  so  that  the  signal-to-noise  ratio  generated  by 
the  input  photosurface  would  be  identical  to  that  at  the  phosphored 
screen  and,  in  turn,  would  be  identical  to  that  generated  by  the  eye 
retina.  In  real  sensors,  the  signals  may  be  distorted  or  smeared  by 
the  signal-processor  finite  apertures  and  display  elements,  and  noises 
may  be  added. 

a.  Detection  of  Isolated  Rectangular  Images.  In  the  beginning 
of  this  analysis,  it  will  be  assumed  that  the  image  is  large  relative 
to  the  sensor  point  image  spread  function,  so  that  the  finite  sensor 
apertures  can  be  neglected  and  the  signal  processor  is  noise  free. 
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The  eye  viewing  the  display  also  has  limitations,  depending  on  the 
display  brightness,  video  gain,  image  size,  and  viewing  distance. 
Fluctuation  noises  are  associated  with  the  conversion  of  display  pho¬ 
tons  to  sensory  impulses,  and  both  the  eye  and  the  retina  have  finite 
apertures.  However,  we  shall  assume  that  the  display  luminance  is 
sufficient  and  that  the  image  is  large  enough,  relative  to  the  viewing 
distar  e,  to  preclude  either  retinal  fluctuation  noise  or  acuity  lim¬ 
itations  on  image  detection.  On  the  other  hand,  the  image  will  not  be 
so  large  as  to  exceed  the  spatial  integration  capability  of  the  eye. 

With  these  assumptions,  the  signal-to-noise  ratios  at  the  output  of 
the  photosurface  display  and  at  the  retina  will  be  equal.  Linearity 
of  all  processes  is  assumed  in  the  following. 

The  elementary  model  describing  the  effect  of  photoconversion- 
fluctuation  noise  is  ordinarily  attributed  to  Rose  (Ref.  1),  who,  in 
turn,  attributes  it  to  deVries  (Ref.  2).  The  basic  model  assumes  that 
the  photon-to-photoelectron  conversion  process  is  random  in  space  and 
time  and  that  the  randomness  can  be  characterized  by  the  Poisson  prob¬ 
ability  distribution  law.  According  to  Poisson  statistics,  if  ti 
photosurface  generates  nxy  photoelectrons  per  unit  area  and  time,  then 
the  average  or  mean  number  nQ  generated  in  time  t  by  an  area  a  will  be 


n  =  n 


xy 


(at) 


(V-A-l) 


Also,  the  standard  deviation  or  rms  fluctuation  noise  associated  with 

-  -  %  -  -  k 

n  is  equal  to  (n)  ,  so  that  the  signal-to-noise  ratio  becomes  n/(n)  , 

provided  that  there  is  no  background  flux.  With  background,  the  Rose 
model  assumes  that  the  incremental  signal  becomes  n0  -  n^  and  that  the 
signal-to-noise  ratio  becomes 


SHRj,  =  (n0  - 


(V-A-2) 


Nets  that  the  symbol  D  is  added  to  the  signal-to-noise  ratio  SNR  to 
indicate  that  the  calculations  are  referenced  to  an  idealized,  hypothetical 
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display  without  line  structure  and  an  MTF  of  1.  This  is  convenient  when 
the  effects  of  observer  viewing  distance  are  to  be  taken  into  account. 

In  a  later  model,  Coltma">  and  Anderson  (Ref.  3)  assumed  that 
the  noises  from  the  background  and  the  object  should  be  quadrat ically 
summed,  so  that  Eq.  V-A-2  becomes 


(V-A-3) 


This  model  appears  _o  be  more  consistent  with  the  statistical  detection 
mode^  ..scussed  bel'  v  .  In  both  models,  the  inference  is  that  the  eye 
compares  the  area  with  signal  to  some  other  area  of  equal  size  in 
which  the  signal  is  absent.  Before  proceeding,  we  define  contrast  as 


C  =  (n  -  n  .  V  n  (V- 

y  xy  max  xy  min//  xy  max 

So  that  contrast  is  always  positive  and  varies  only  from  0  to  1. 
Further,  we  will  assume  that  signals  are  always  positive,  so  that 
combining  Eqs.  V-A-l,  V-A-3,  and  V-A-4  yields 


SNh>  *  4*y  max  • 


\h 


xy  max 


at 


( V-A-5) 


In  the  above,  we  have  set  t  equal  to  the  integration  time  of  the  eye 

V 

As  the  next  step,  we  note  that  the  photoelectron  rate  can 
be  written  in  terms  of  the  photocurrent  ig,  as 

n  =  ig/(eA)  (V-A-6) 

where  e  is  the  charge  of  an  electron  and  A  is  the  effective  area  of 
the  photocathode.  Now,  Eq.  V-A-5  may  be  written  as 
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(V-A-7) 


C  i 


s  max 


/E 


(2-C)  c  i 


s  max 


Now,  we  multiply  the  numerator  and  denominator  of  Eq,  V-A-7  by  Af,  the 
video  bandwidth,  with  the  result  that 


SNRD  =  [*  *  ■  [c  4,  max/f2" 


C)  e  if  i 


s  max 


]k] 


( V-A-8) 


The  second  term  in  the  above  can  be  recognized  by  those  familiar  with 
television  signal-to-noise  r.r.ulysis  as  the  broad-area  video  signal-to- 
noise  atio  SNRy  Q  c.  "Broad-area”  means  that  the  image  used  to  make 
the  measurement  is  large  compared  to  the  point  spread  or  impulse  re¬ 
sponse  of  the  sensor. 

The  original  formulation  of  fluctuation  noise  limitations  to 

V' 

imaging,  as  formulated  by  de  Vries  in  1943,  gave  the  image  signal-to- 
noise  ratio  (or  SNR^,  as  we  define  it  here)  as 


SNRjj 


,M  .. 

+  V 
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while  Schade  prefers 


SNRp  = 


JffiL 


C(no  +  nb)/2;l 
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When  an  independent  source  of  noise  ng  is  added,  the  de  Vries  formu¬ 
lation  leads  to 


SNRD  = 


j£L 


<no  +  nb  +  2ns> 


T 75  ’ 
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while  Schade's  formulation  led  to 


snrd  =  77 


ML 


[(no  +  nb)/2  +  ns] 
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Written  in  terms  of  a  photocurrent,  the  de  Vries  model  gives 

CMt)  _ _ Ai  •  (at)1/2 _ 

!-e  <*0  +  V  +  2  eis] 

=  Ai  Cat)1/2  s 
[2  ei  +  2  eig] 


whereas  the  Schade  model  gives 


SNRD  = 


. LaL), 

(ei  +  ei 

s 


1/2 
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In  order  to  convert  the  de  Vries  model  to  a  form  recognizable 
in  terms  of  a  video  signal-to-noise  ratio  as  used  in  this  document, 
the  numerator  and  denominator  were  multiplied  by  Af',  the  video  band¬ 
width,  whereas,  to  achieve  the  same  result  with  the  Schade  model,  the 
numerator  and  denominator  are  multiplied  by  2Af.  With  this  under¬ 
standing,  both  models  are  similar  in  the  noise  expression  but  differ 
by  the  J2  in  the  signal  expression.  However,  in  the  analysis  reported 
herein,  ve  have  used  a  value  of  0.2  sec  (following  Rose)  for  the 
eye's  integration  time,  while  Schade  prefers  a  value  of  approximately 
0.1  sec  for  the  usual  range  of  display  luminances  (0.2  to  1  ft-L). 

With  this  adjustment  both  the  de  Vries  model  and  the  Schade  model 
give  the  same  numerical  result.  In  future  work  Schade's  model  will 
be  used  and  0.1  sec  used  as  the  eye  integration  time. 

In  passing,  it  should  be  observed  that  in  using  T,  the 
average  current,  the  apparent  dependence  of  noise  on  image  contrast 
is  eliminated,  since 
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<2  -  C>  ijnax  2  1 


The  only  purpose  of  the  use  of  imax  is  that  it  converts  directly  to 
highlight  irradiance,  which  is  the  quantity  usually  plotted  in  reso- 
lution-versus-irradiance  characteristics. 

With  these  observations,  £q.  V-A-7  is  written  as 


SNRj,  =  [t  if  a/ Ay  .  SNI^  o  c 


(V-A-9) 


If  our  premise  is  correct,  and  if  Eq.  V-A-9  is  correct,  then 
we  should  be  able  to  demonstrate  that  for  a  series  of  image  sizes  a 
constant  level  of  probability  of  detection  will  require  larger  video 
signal -to-noise  ratios  (SNR^)  for  small  images  than  for  large  images. 
Further,  we  should  be  able  to  show  that  a  given  value  of  SNR^  is 
associated  with  a  given  value  of  probability  of  detection — over  a  very 
broad  range  of  image  sizes. 

These  predictions  were  well  borne  out  in  the  experiment 
described  below,  wherein  a  rectangular  image  is  electronically  gener¬ 
ated,  mixed  with  band-limited  white  noise,*  and  displayed  on  a  tele¬ 
vision  monitor  (Fig.  V-A-3).  A  selector  was  devised  so  that  the  image 
could  appear  in  any  one  of  four  quadrants. 


* 

In  the  experiments  reported  herein,  the  noise  was  Gaussian  rather 
than  Poisson  distribution.  In  the  Coltman  and  Anderson  experiment 
(Ref.  3),  however,  the  results  obtained  using  noise  of  either  Gaussian 
or  Poisson  distribution  appear  to  correlate  closely. 
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FIGURE  V-A-3.  Equipment  for  Display  Signal-to-Noise  Ratio  Experiment 

Response  was  forced  (i.e.,  the  observer  had  to  pick  a  quad¬ 
rant  whether  he  saw  an  image  or  not).  The  probability  of  detection 
obtained  in  this  way  was  then  corrected  for  chance.  The  ratio  of 
viewing  distance  to  display  height  was  D^/H  =3.5,  with  the  displayed 
scene  being  8  in.  high  and  28  in.  distant.  In  .he  first  experiment, 
the  image  was  a  series  of  rectangles  of  different  sizes.  Their  di¬ 
mensions  were  expressed  in  terms  of  scan  line  widths,  and  a  525-line 
total  vertical  scan  with  490  active  lines  was  assumed.  Thus,  the 
image  size  in  teims  of  scan  lines  became 

n  n  =  (490) 2  •  cr(a/A)  (V-A-10) 

x  y 

where  a  is  the  width -to-height  aspect  ratio  of  the  CRT  display,  4:3  in 
this  case.  The  image  chosen  was  4  scan  lines  high  and  from  4  to  180 
scan  lines  wide.  Next,  the  probability  of  detecting  the  image  was  de¬ 
termined  as  a  function. of  the  video  signal-to-noise  ratio  at  a  video 
bandwidth  of  7.1  MHz.  The  result  is  shown  in  Fig.  V-A-4a.  Observe 
that  the  larger  the  rectangle,  the  smaller  the  SNR^  needed. 

The  display  signal-to-noise  ratio  required  was  computed  from 
Fig.  V-A-4a  and  the  equation 

SNRjj  =  (1/490)  (nxny  t  £/<*$  *  SNRv  (V-A-ll) 
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which  was  derived  using  Eqs.  V-A-8  and  V-A-9  and  is  plotted  in  Fig. 
V-A-5  for  t  =  0.2  sec.  As  can  be  seen,  the  display  signal -to-noise 
ratio  required  for  a  given  probability  of  detection  is  a  constant  ‘ n- 
dependent  of  image  size  over  a  wide  range  of  image  aspect  ratios.  It 
should  be  noted  that  the  angular  extent  of  the  image  relative  to  the 
observer’s  eye  varied  from  0.13  x  0.13  deg  for  the  rectangle  of  1:1 
length-to-width  ratio  to  0.13  x  6.2  deg  for  the  45:1  ratio.  The 
eye-and-brain  combination  can  apparently  integrate  over  large  areas 
in  space. 


FIGURE  V-A-4a.  Corrected  Probability  of  Detection  Versus  Video 
Signal-to-Noise  Ratio  for  Rectangular  Images 

It  has  been  observed  that  the  long,  thin  rectangles  in  Fig. 
V-A-4a  are  nearly  "all  edge"  and  that  the  eye  is  more  sensitive  to 
edges  than  to  areas.  As  a  preliminary  test  of  this  concept,  various 
squares  were  used  as  test  images.  These  squares  were  2  x  2,  4  x  4,  . 

8  x  8 ,  16  x  16,  32  x  32,  and  64  x  64  scan  lines  in  size  and  varied  in 
angular  subtense  at  the  eye  from  0.06  x  0.06  deg  tc  2  x  2  deg.  The 


result  is  shown  ir.  Fig.  V-A-4b.  As  can  be  seen,  the  SNR^  required  to 
detect  the  images  2  x  2  to  ?.6  x  16  scan  lines  in  si-ze  (angular  sub¬ 
tense  from  0.06  to  0.5  deg)  is  approximately  constant.  However,  the 
SNRp  required  to  detect  the  squares  of  larger  angular  extent  (1  and  2 
deg)  increases.  This  lends  some  support  to  the  "edge"  theory.  Since 
the  large  areas  are  of  less  importance  to  the  user  of  a  system,  it  is 
felt  that  the  notion  of  a  constant  SNR^  based  on  image  area  is  ap¬ 
propriate  for  most  system  prediction  purposes. 
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FIGURE  V-A-4b.  Corrected  Probability  of  Detection  Versus  Display 
Signal -to-  Noise  Ratio  for  Square  Images 


We  have  also  observed  that  the  detectability  of  a  displayed 
image  is  almost  entirely  a  function  of  its  SNR^,  not  of  its  displayed 
contrast,  unless  the  contrast  becomes  so  low  that  the  eye  becomes 
acuity-limited  by  the  fluctuations  generated  in  the  retina  by  the  dis¬ 
play  background  luminance.  However,  this  only  means  that  the  noise 
generated  in  the  retinal  photoprocess  should  have  been  included  in  the 
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analysis.  Had  it  been,  detectability  would  probably  have  been  inde¬ 
pendent  of  the  displayed  contrast,  as  before.  The  SNR^  is,  of  course, 
a  strong  function  of  the  image  contrast  at  the  input  photocathode, 
which  can  be  far  different  from  the  displayed  image  contrast. 


DISPLAY  SIGNAL-TO- NOISE  RATIO 


FIGU£E  V-A-5.  Measured  and  Predicted  Probability  of  Detection 


The  curve  used  to  fit  the  experimental  points  is  based  on  a 
probability  model  originally  suggested  by  Legault  (Ref.  4).  In  this 
model,  which  is  derived  in  the  Appendix,  it  is  assumed  that  the  mean 
number  of  photoelectrons  within  the  sampling  interval  has  become  suf¬ 
ficiently  large  that  the  Gaussian  or  normal  probability  distribution 
given  by 


f 2<  z )  =  exp  t-z2/2]/(2Tr)^ 


(V-A-12) 
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becomes  a  good  approximation  of  the  Poisson  distribution  law,  which 
actually  represents  the  signal  and  noise  processes.  In  the  above,  Z 
is  a  random  variable  shown  to  be  numerically  equal  to 

Z  =  SNRjj  -  SNRjj^  (V-A-13) 

i 

where  SNR^  T  is  the  display  signal -to-noise  ratio  needed  to  obtain  a 
detection  probability  of  0.5,  which  is  generally  considered  to  be  the 
threshold  of  detection  as  indicated  by  the  subscript  T.  Other  values 
of  SNRp  are  obtained  from  the  formula 

Pd  (-»  <  Z  <  z2)  =  — i-g  J  exp  |j-z2/2  J  dz  (V-A-14) 

v/aich  cannot  be  integrated  in  closed  form,  but  is  widely  available  in 
standard  mathematical  tables. 

In  the  foregoing,  a  model  was  developed  for  the  SNR  developed 
at  the  output  of  the  input  photocathode  in  a  perfect  system  in  which 
“he  image’s  spatial  fidelity  is  preserved  at  each  reimaging  step,  and 
the  only  noise  is  that  generated  in  the  primary  photoprocess.  Ir.  this 
case,  the  SNR  developed  by  the  photocathode  is  identical  to  that  at 
the  display  and  the  observer’s  retina.  In  psychophysical  experiments 
that  approximate  the  perfect  sensor  case,  it  was  shown  that  the  SNR_, 
required  to  detect  rectangular  targets  is  relatively  a  constant  over 
a  wide  range  of  image  sizes  and  that  probabilities  of  detection  can 
be  associated  with  the  display  signal -to -noise  ratios  developed. 

b.  Effect  of  Finite  Apertures  on  Aperiodic  Image  Detection.  The 
rectangular  images  discussed  in  the  previous  section  were  aperiodic 
images.  However,  it  was  assumed  that  they  were  reproduced  at  the 
retina  and  converted  to  sensory  impulses  with  perfect  spatial  fidelity. 
In  real  sensors,  the  images  at  the  display  may  be  distorted  in  ampli¬ 
tude,  shape,  position  (phase),  or  all  three.  These  distortions  are 
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due  to  finite  imaging  apertures  such  as  the  objective  lens,  any  fiber¬ 
optic  coupling  plates,  electron  lenses,  electron  scanning  beams,  finite 
phosphor  particles,  and  the  like.  The  effect  of  these  apertures  is  to 
smear  image  detail  in  a  manner  directly  analogous  to  that  of  electrical 
filter  networks,  except  that  the  sensor  apertures  can  result  in  both 
one-  and  two-dimensional  filtering  effects,  as  shown  in  Fig.  V-A-6. 

This  analogy  can  be  put  to  good  use. 


/ 


FIGURE  V-A-6.  Impulse  Responses 
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In  the  discussion  that  follows,  all  of  the  various  system 
elements,  including  the  observer,  are  considered  to  be  linear  and 
amenable  to  Fourier  analysis,  wherein  complicated  input  signals  are 
decomposed  into  simpler  signals  for  which  the  system  response  is 
known,  and  then  the  total  response  is  found  by  summing  the  individual 
responses  in  linear  combination.  The  requirements  and  properties  of 
linearity  ,are  well  known  (Ref.  5)  and  will  not  be  belabored  further 
here,  except  to  note  that,  without  the  mathematical  simplifications 
made  possible  by  assuming  linearity,  analysis  becomes  all  but  impos¬ 
sible  in  many  cases.  Also,  in  the  interest  of  focusing  on  fundamental 
principles,  it  will  be  assumed  that,  where  two-dimensional  apertures 
are  involved,  the  two  dimensions  are  independent  and  separable.  With 
this  assumption,  complicated  two-dimensional  problems  can  be  redu 
to  the  more  familiar  one-dimensional  problems. 


In  the  Fourier  analysis  of  sensors,  it  is  convenient  to  em¬ 
ploy  a  certain  set  of  input  test  sign  ils  known  as  the  singularity  test 
signals.  The  most  useful  singularity  test  signal  is  the  unit  volume 
impulse  6Q(x,y),  which  is  of  zero  amplitude  everywhere  except  at  one 
point,  where  its  amplitude  is  infinite.  However,  its  volume  (or  its 
area,  in  the  one -dimensional  case)  is  always  unity.  The  sensor  re¬ 
sponse  with  an  impulse  input  is  designated  as  rQ(x,y)  and  is  known 
either  as  the  impulse,  response  or  the  point  spread  function.  The 
Fourier  transform  of  the  impulse  response  is  designated  as  R  (<u  ,ui  ) 
and  is  known  as  either  the  complex  steady-state  frequency  restore  or 
the  optical  transfer  function.  If  either  rQ(x,y)  or  R0(u>x,u)  )  are 
known  for  the  sensor,  the  response  to  any  other  input  can^e^eter- 
mined.  may  be  written  as 


Vvv  '  3t[ro(x»y^| 

=  |Ro(vy|  exp  +  jtfcy] 


(V-A-15) 
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where  3  implies  "the  Fourier  transfo^.n  of.”  RQ( ^x>^y)  is  known  as 

either  the  sine-wave  response  or  the  modulation  transfer  function 

(MTF),  while  0(tu  )  and  0(u>  )  are  the  phase  transfer  functions.  By 
x  y 

the  use  of  the  separability  assumption  (Ref.  6), 


wy =  s{ro(x)  •  r0<y)} 

“  3x  [ro<x)]  •  3y  [ro(y)] 


(V-A-16) 


A  typical  one -dimensional  MTF  curve  is  shown  in  Fig.  V-A-7. 
This  curve  happens  to  be  a  Gaussian  or  error  curve  filter,  which  closely 
approximates  the  MTF  of  many  sensors  and  is  given  quantitatively  by 


(V-A-17) 


If  phase  shift  is  zero,  then  |R0(<i))j  =  RQ(u)),  end  we  can  find  the 
filter’s  response  to  any  input  signal.  Suppose  the  input  signals  to 
be  rectangular  pulses,  as  shown  by  the  dashed  curves  of  Fig.  V-A-8. 

It  is  seen  that,  as  the  input  pulse  is  made  progressively  narrower, 
the  output  pulse  becomes  progressively  wider  relative  to  the  input 
pulse  width,  and  its  amplitude  eventually  drops  to  well  below  that  of 
the  input  pulse.  Nevertheless,  the  area  under  the  output  pulse  curve 
is  identical  to  that  under  the  input  pulse.  This  is, the  nature  of  the 
error  curve  filter  and  of  many  optical  apertures  encountered  in  na¬ 
ture.  Apertures  of  this  type  are  dissipationless.’  Suppose  that  the 
eye  is  viewing  an  image  that  has  first  passed  through  a  dissipation¬ 
less  filter.  The  effect  of  the  filter  would  be  expected  to  be  that 
of  smoothing  the  noise  and  smearing  the  signal.  In  the  rectangle  ex¬ 
periment,  it  was  shown  that,  as  images  get  larger,  the  eye  expands  the 
distance  over  which  it  integrates.  If  this  is  so,  and  there  is  every 
reason  to  believe  that  it  is,  then  it  could  be  inferred  that,  since 
the  integrated  signal  in  the  filtered  signal  is  the  same  and  the  noise 


is  reduced,  the  image  detectability  is  enhanced  by  the  filtering,  or, 
as  a  minimum,  the  detectability  remains  unchanged. 


Spatial  Frequency 

70  1283  VA  6 

FIGURE  V-A-7.  Modulation  Transfer  Function  and  Effective  Bandwidth 
for  Error  Curve  Filter  in  Dimensionless  Coordinates 


We  find  this  result  unpleasing.  While  it  is  possible  to  im¬ 
prove  a  signal-to-noise  ratio  by  filtering,  this  seems  unlikely  when 

the  signal  and  noise  occupy  the  same  spatial  area  and  frequency  band, 
as  is  the  case  here.  Also,  it  is  a  common  experience  that  finite 
apertures  degrade  images;  they  do  not  enhance  them.  The  following 
solution  to  this  dilemma  is  proposed.  As  the  output  pulse  is  smeared, 
the  amplitude  of  the  signal  in  the  tails  of  the  pulse  becomes  small. 

We  presume  these  small  signals  to  be  less  effective  than  the  higher 
amplitudes  near  the  peak  of  the  pulse.  -Thus,  an  analytical  model  that 
weights  the  higher  amplitudes  in  favcr  of  the  lower  amplitudes  would 

seem  to  be  desired.  This  can  be  obtained  by  viewing  the  eye  as  an 

energy  detector  and  by  applying  the  Fourier  energy  integral,  vriiich 
represents  the  equivalence  between  energy  in  the  space  and  the  spatial 
frequency  domains.  In  two  dimensions,  the  Fourier  energy  integral  is 
equal  to 
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FIGURE  V-A-8.  Output  Pulse  (-)  for  on  Error  Curve  Filter  os  the  Width  of 
a  Unit  Amplitude  Rectangular  Input  Pulse  (— )  is  Varied 


(V-A-18) 
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By  using  this  formulation,  which  is  also  known  as  Parseval’s  relation 
and  Plancherel's  theorem  (Ref.  7),  the  SNR^  of  Eq.  V-A-5  is  modified 
to  read 


l(nxyt)  Jjc r2  (x,y)  dxdy 


SNRD  = 


(2-C) 


ffg2  (X> 


y)  dxdy 


(V-A-19) 


In  the  above,  [nxyt  g(x,y)J  represents  the  signal  envelope  at  the  out¬ 
put  of  the  filter.  Alternatively,  the  result  of  Eq.  V-A-19  can  be  ex¬ 
pressed  in  the  spatial  frequency  domain  or 


^')  Jj  lG  <V  V  '2  d'“xd“,y 

—CO 

m  00  u  1 
(2-C)  j'j'  |G  (Vy|2  dtt>xdu>y 

-oc 


( V-A-20) 


In  general. 


(x,y)  dx  dy 


g  (x,y)  dx  dy 


( V-A-21) 


for  positive  signals,  and 
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(V-A-22) 


|G  (u^,tuy)  |  du^day 


The  result,  in  the  new  formulation,  is  that  a  photoelectron  image 
passed  through  an  aperture  will  be  less  detectable  than  one  that  is 
not. 


To  illustrate  the  effect  of  the  new  proposed  model,  we  will 
ca.lcu3.ate  the  minimum  detectable  power  Pmin  and  the  minimum  detectable 
highlight  irradiance  Ejn^n  for  a  sensor-augmented  observer  when  the  in¬ 
put  image  is  a  square  of  unit  contrast.  First,  suppose  the  sensor  MTF 

to  be  unity.  The  photoelectrcn  current  i  may  be  written  as 

s  max 


as  max  =  a  A  E  CV-A-23) 

where  a  is  the  photocathode’s  sensitivity  (in  amp/watt)  to  a  given 
source  such  as  a  tungsten  lamp  operated  at  2854°K,  and  E  is  the  photo¬ 
cathode’s  highlight  irradiance  (in  watt/m2)  due  to  the  same  given 
source.  Using  Eq.  V-A-23  in  Eq.  V-A-7,  we  obtain 

SI*D  ■  (V-A-24) 

For  threshold  detection  (50  percent  probability  of  detection),  SNR^  = 
2.8.  With  this  value  for  SNRp  E  becomes  Emin,  and  thus,  for  the 
perfect  sensor  with  unity  MTF, 


Emin  =  ( 2,8)2  e/(«t)  (V-A-25) 

and 

Pmin  =  ( 2,8)2  e/(°t)  (V-A-26) 
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These  equations  are  plotted  in  Figs,  V-A-9  and  V-A-10  for  o  =  4.10 
amp  watt  and  t  =  0,2  sec.  We  include  the  effect  of  the  apertures,  as¬ 
suming  that  the  apertures  in  x  and  y  are  independent  and  separable,  so 
that  Eq.  V-A-16  holds.  The  impulse  response  in  x  (or  y)  is  given  by 


rQ(x)  =  exp 


(V-A-27) 


m  2 

and  a  is  taken  to  be  2.31  x  10  mm.  For  a  square  image,  g(x)  or  g(y) 
is  given  by 


g(x)  =  x  erf 


x  +  xQ/2 


U  2m  r  ^ 

IWJ'  IWJ 


x  -  xq/2 


(V-A-28) 


where  erf  is  the  error  function  and  xQ  is  the  input  pulse  width.  Now, 


e_j_  =  im 


DD  WW 

J  g2  (x)  dx  j  g2  (y)  dy 


“min  eot  ® 


(V-A-29) 


j  g2  (x)  dx  j  g2  (y;  dy 


-flD 


where  g(x)  is  given  by  Eq.  V-A-28  and  g(x)  =  g(y).  Pmin  is  found 
from  Eq.  V-A-29,  and 


Pmin  =  Enin  *  a 


( V-A-30) 


vdtere  a  is  the  input  image  area.  The  impact  of  the  assumed  apertures 
can  be  observed  from  the  curves  shown  in  Figs.  V-A-9  and  V-A-10.  It 
is  seen  that,  with  unity  MTF,  Emin  is  proportional  to  1/a,  while  Pmin 
is  constant.  With  the  assumed  MTF,  Em^n  increases  at  a  much  faster 
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rate  as  image  size  is  diminished,  vtfiile  Pmin  is  no  longer  a  constant 
but  increases  as  image  size  decreases. 


MINIMUM  DETECTABLE  IRRADIANCE,  wotti/m2 
FIGURE  V-A-9.  Minimum  Detectable  Irradiarice 


c.  Detection  of  Periodic  Signals.  Rectangular  images  are  not 
ordinarily  used  in  measuring  and  specifying  image-forming  sensors. 
Instead,  it  is  more  usual  to  employ  periodic  images  of  various  forms 
and  types,  including  sine  waves,  bars,  bursts  of  bars,  and  circular 
sectors  or  wedges.  A  typical  bar-burst  patter t  (Ref.  8)  is  shown  in 
Fig.  V-A-ll.  Whatever  the  pattern  form,  the  thought  is  to  project 
patterns  of  various  spatial  frequencies  onto  the  sensor  photocathode 
and  to  measure  sensor  response  both  electrically  and  psychophysically. 
The  electrical  tests  are  mainly  to  obtain  the  MTF  and  the  signal  cur¬ 
rent  transfer  characteristics.  In  psychophysical  tests,  an  observer 
is  requested  to  determine  the  pattern  of  highest  spatial  frequency 
that  can  be  just  barely  detected  as  the  highlight  irradiance  of  the 
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pattern  image  is  varied.  The  highest  spatial  frequency  that  can  be 
just  barely  detected  at  a  given  irradiance  is  designated  as  the  limit¬ 
ing  resolution,  and  its  plot  as  a  function  of  irradiance  is  called  its 
limiting  resolution  versus  photocathode  irradiance  level  characteristic 


FIGURE  V-A-10.  Minimum  Detectable  Power. 


2] 


FIGURE  V-A-ll.  Resolution  Test  Chart 

This  characteristic  is  widely  used  by  all  sensor  manufac¬ 
turers  to  specify  and  compare  the  performance  of  their  products  with 
others,  even  though  the  patterns  and  methods  of  measurement  have  not 
beer  standardized  in  any  form,  and  widely  different  techniques  are 
used.  Surprisingly,  fairly  close  correlations  have  been  experienced 
between  various  manufacturers  and  laboratories,  but,  as  we  shall  see, 
this  result  is  mainly  fortuitous.  As  sensors  improve,  substantial 
errors  can  be  encountered  unless  standards  are  adopted. 

The  original  experimentations  and  analyses  relating  to  the 
detectability  of  sine -wave  and  bar  patterns  displayed  on  a  CRT  were 
performed  by  Coltman  and  Anderson  (Ref.  3)  using  an  electronic  setup 
similar  to  that  in  Fig.  V-A-3.  The  main  difference  is  that  vertically 
oriented  sine-wave  patterns  that  filled  the  entire  screen  were  used 
instead  of  squares  and  rectangles.  However,  the  early  analysis  pro¬ 
ceeds  almg  tve  lines  followed  in  the  previous  section.  The  bar-pattern 
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image  being  viewed  is  divided  into  square  elements  of  size  fiy,  where 
Ay  is  numerically  equal  to  the  bar  spacing  (which  is  also  equal  to  the 
bar  width).  Then,  SNR^  is  calculated  for  this  single  square  element, 
which  eventually  results  in  Eq.  V-A-9.  Next,  we  note  that  if  we  de¬ 
fine  bar  spacing  Ay  in  terms  of  the  number  N^,v  of  squares  that  can  be 
fitted  into  a  picture  height,  then 


( V-A-31) 


Alio,  if  X  is  the  picture  width,  vdiich  is  equal  to  a  Y,  and  a  is  the 

2  2  2 

picture  aspect  ratio,  then  A  =  a  Y  =  £y  x  Note  further  that 

a  =  A/2*  so  that  Eq.  V-A-9  becomes 


( V-A-32) 


This  equation,  which  is  designated  the  per-element  display 
signal -to-noise  ratio,  was  derived  for  the  photoelectron -noise -limited 
case,  where  the  noise  is  white  and  the  sensor  MTF  is  unity.  This  situ 
ation  was  simulated  in  the  laboratory  by  Coltman  and  Anderson  (Ref.  3) 
Their  formulation  was  somevdiat  different,  in  that  they  set  up  the 
equation  in  the  form 


NTVP/W 


«  k[  Af  ']^  •  SNFy 


RMS 


( V-A-33) 


and  then  they  evaluated  k  experimentally  for  threshold  identification 
of  the  pattern.  Their  value  was  found  to  be  equal  to  615  when  Af  '  was 
given  in  MHz,  was  given  in  line  pairs 'picture  width,  and  the 

SNRy  was  in  terms  of  rms  signal  to  rms  noise.  Converting  the 

Coltman  and  Anderson  nomenclature  to  that  used  here,  we  have 


„  _  2  x  NTvp^w 

ntv  373  1 


lines 

picture  height  ’ 


( V-A-34a) 
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t 


(V-A-34b) 


SNRv,o,c  "  2,82  snrv,rms 


peak  signal 
ms  noise 


and 


Af  =  10‘6  A f #  (Ez). 


(V-A-34c) 


Inserting  these  results,  along  with  the  constant  k  =  615,  into  Eq. 
V-A-33,  we  find 


Ntv  =  3.27  <tf)«  •  SNR^^ 


(V-A-35) 


Next,  we  solve  Eq.  V-A-33  for  N^v: 


v 

ntv  =  SNR^e  ( ^  ^  *  SNRv,o,c 


(V-A-36) 


By  comparison  of  Eqs.  V-A-35  and  V-A-36,  we  find  that  equality  would 
result  if 


snVe 


3.27 


If  t  =  0.2  sec  and  a  =  4/3,  then 


( V-A-37) 


SNRD/E,T  =  ia8  ( V-A-38  ) 

'Ihe  inference  is  that  threshold  display  signal-to-noise  ratio  SNRp^E  T 
is  a  constant  and  is  equal  to  about  1.18.  Actually,  the  constant 
k  =  615  was  determined  for  sine-wave  patterns.  In  an  earlier  experi¬ 
ment,  Coltman  (Ref.  9)  found  k  to  be  640  for  square  waves,  which  would 
make  SNR^E  T  =  1.23.  However,  in  the  earlier  experiment  the  bars  were 
of  limited  extent,  which  will  be  found  to  make  a  difference. 
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aa^n. . 


Somewhat  later,  Parton  and  Moody  (Ref.  10)  gave  an  equation 
that  is  rewritten  in  the  nomenclature  used  in  this  paper  and  rear¬ 
ranged  as  follows: 


SN*D/E 


(V-A-39) 


By  multiplying  numerator  and  denominator  by  £f  and  noting  that 
[oAE/eAf]^  =  SNRy  q,  we  find  th$t 


4 

I  sned 


t£  glut 


N, 


TV 


SNRV,0 


(V-A-40) 


which  is  essentially  Eq.  V-A-32.  Parton  and  Moody  gave  a  value  of  1.2 
for  threshold  SNR^^  T«  This  number  has  been  used  since  that  time, 
although,  we  believe,  incorrectly. 


Coltman  and  Anderson  also  suggested  that  the  effect  of  :he 
sensor  MTF  could  be  taken  into  account  by  simply  modifying  the  SNRy 
obtainable  from  the  photocathode  by  the  MTF.  In  the  nomenclature  of 
this  report,  this  modification  becomes 


snrd  =  [t  ^  ■  IVntv>  I  •  s®v,o,c  (V-A-41> 

where  |Rq(Ntv)  |  xS  the  senso..  sine-wave  response  or  MTF.  This  equa¬ 
tion  has  been  used  extensively  to  calculate  the  limiting  resolution  of 
sensors,  and  the  results  so  computed  are  in  very  good  agreement  with 
measured  results.  We  believe  that  this  is  so  not  because  the  equation 
is  right,  but  because  it  is  not  too  far  wrong  and  because  of  compen¬ 
sating  errors. 

That  Eq.  V-A-41  holds  so  well  is  surprising  for  several 
reasons.  First,  the  SNR^  derived  is  for  a  single  element  of  size 
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1/N„,„  •  1/N_„,  whera  tL,,.  is  the  width  of  a  single  bar,  and  the  results 
are  reputed  to  hold  for  the  detection  of  the  entire  bar  pattern.  The 
height  of  the  bar  pattern  is  stipulated  to  be  large  with  respect  to 
the  bar  spacing,  but  otherwise  no  account  is  taken  of  it.  The  thresh¬ 
old  SNR^j,  T  is  supposedly  a  constant  independent  of  the  height.  That 
would  infer  that  the  height  is  of  no  moment.  A  bar  pattern  is  pre¬ 
sumably  a  one-dimensional  pattern  if  the  bars  are  very  long  compared 
to  their  spacing;  yet,  the  derivation  assumes  a  two-dimensional  ele¬ 
ment.  This  assumption  does  not  seem  physically  reasonable. 

To  show  the  impact  of  reducing  the  number  of  bars  available 
to  the  observer,  Coltman  and  Anderson  devised  the  experiment  shown  in 
Fig.  V-A-12.  The  displayed  pattern  was  left  fixed,  and  a  series  of 
cardboard  apertures  were  employed  to  vary  the  number  of  lines  seen  by 
the  observer  (Ref.  2,  p.  862).  The  mask  was  of  square  aspect  ratio. 
The  results  as  shown  in  Pig.  V-A-12  "show  that  the  observer  probably 
uses  no  more  than  seven  link  pairs  in  making  an  identification.  As 
the  number  vrtiich  he  is  permitted  to  see  is  decreased,  the  signal  re¬ 
quired  rises  rapidly,  being  greater  by  a  factor  of  four  vdien  only  one 
line  pair  is  presented”  (Ref.  2,  p.  862). 


FIGURE  V-A-12.  Number  of  Line  Fairs  Seen  Through  Mask 
(Adapted  from  Ref.  3) 
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Schade  (Ref.  11,  p.  731)  also  notes  that  "the  sampling 
aperture  of  the  eye  for  lines  and  edges  is  its  line  image,  limited  in 
length  to  fourteen  equivalent  point  image  diameters."  These  two  obser¬ 
vations  give  a  possible  explanation  for  the  use  of  the  elemental  image 
of  size  l/NTy  •  1/Ntv.  However,  if  this  is  to  hold  over  a  wide  range 
of  spatial  frequencies,  it  is  necessary  to  conclude  that,  as  the  pat¬ 
tern  spacing  changes,  the  eye's  ability  to  integrate  along  the  line 
changes  in  direct  proportion,  or  else  it  reaches  some  limit.  This  is 
at  considerable  variance  with  the  results  obtained  in  the  rectangle 
experiment,  where,  in  Fig.  V-A-5,  it  was  shown  that  the  eye  could  in¬ 
tegrate  a  line  of  length -to -width  aspect  ratio  from  1:1  to  at  least 
45:1  and  perhaps  even  more,  since  no  end  point  was  determined. 


Since  the  notion  of  using  an  elemental  image  to  describe  a 
one -dimensional  bar  pattern  conflicts  with  physical  intuition,  and 
since  the  notior  of  a  limited  but  variable  integrating  capability,  or 
even  of  a  fixed  integrating  capability,  for  the  eye  conflicts  with 
measured  data  on  a  television  display  (Fig.  V-A-4a,  p.  206),  it  was  de¬ 
cided  to  take  a  new  approach.  First,  we  will  define  detection.  By 
detection,  it  is  implied  that  the  observer  must  oe  able  to  determine 
that  a  bar  pattern  is  actually  present.  We  will  further  stipulate 
that  the  observer  makes  this  determination  on  the  basis  of  a  single 
line  pair.  Thus,  the  problem  reduces  to  the  two-dimensional  rectangle 
detection  problem  discussed  earlier,  except  that  we  feel  that  a  higher 
signal -to -noise  ratio  is  needed  because  the  identification  of  a  bar 
must  be  positive.  For  this  reason,  and  because  the  result  will  be 
found  to  fit  well,  we  will  assume  that  the  bar  must  be  detected  with 
nearly  100  percent  probability.  From  Fig.  V-A-5  this  will  be  seen  to 
require  an  SNR^,  of  5.3.  Let  the  dimensions  of  the  bar  be  given  in 
terms  of  the  reciprocal  distances  Nv  •  N^,  where 


(V-A-42a) 


N 


v 


( V-A-42b) 
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in  which  Y  is  the  picture  height,  Ay  is  the  linear  dimension  of  the 
bar  width,  and  ny  is  the  height  of  the  bar  measured  in  terms  of  a  num¬ 
ber  of  bar  widths.  The  image  area  relative  to  the  total  effective 
photocathode  area  is  then 


a  .  "v** 
A  0^2 


(V-A-43a) 


(V-A-43b) 


(V-A-43C) 


where  NTV  =  Y/Ay  lines  per  picture  height.  The  result  is  that  Eq. 
V-A-41  becomes  either 


SNV»  -  •  SNRv,o,c 


(V-A-44) 


or 

SWD/S  -  [t  ^  •  S««v,0>c  (V-A-45) 

These  equations  become  the  new  trial  models  for  the  recognition  of  bar 
patterns.  They  are  called  the  area  models.  The  SNRjyfl  T  required  is 
taken  to  be  5.3,  as  previously  discussed. 

Next,  we  focus  our  attention  on  Eq.  V-A-45,  vrfiich  is  very 
similar  to  Eq.  V-A-32,  which  was  previously  used  for  bar-pattern  de¬ 
tection.  The  right  sides  of  the  two  equations  would,  in  fact,  be 
identical  if  Eq.  V-A-45  were  divided  by  (nv)^,  which  would  result  in 
the  formula 
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=  — ^  •  SNSv,o,c  <v-A-46) 

V 

Consider  SNRD^A/(nv)^  to  be  a  new  display  signal-to-noise  ratio  that 
has  a  threshold  value  for  bar  patterns  of  frequency  and  of 


SmD/A 


SNRD/E,T  =  <SNRD/S,T)/(nv^  (V-S'47> 

This  equation  is  plotted  as  the  solid  line  in  Fig.  V-A-13.  We  note  that 
the  per-element  SNFD/E  T  drops  quickly  to  a  value  of  about  1.2  at  a 
bar  height -to -width  ratio  of  about  20  lines  (or  10  line  pairs)  and  de¬ 
creases  slowly  thereafter.  This  appears  to  be  the  origin  of  the  value 
of  SNRj^e  t  =  1.2  for  bar  or  sine-wave  patterns.  It  is  not  1.2  but  is 
nearly  so  over  a  fairly  broad  range  of  bar  heights.  When  other  effects 
are  taken  into  account,  it  will  probably  be  found  that  the  apparent 
range  of  validity  of  SNRp^  T  =  1.2  will  be  even  larger. 


BAR  HEIGHT-TO-WIDTH  RATIO 

S3— 17— 71  -12 


FIGURE  V-A-13.  Threshold  Display  Signal -to- Noise  Ratio  Required  to  Identify 
Bar  Pattern  as  a  Function  of  Bar  Height-to-Width  Ratio 
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It  is  of  considerable  interest  to  replot  the  Coltman  and 
Anderson  data  in  Fig.  V-A-12  on  Fig.  V-A-13,  using  the  relation 

SNVe,T  =  •  SNRVM,T  <v-A-48> 

where  SNR^  T  is  now  the  measured  value  of  threshold  video  signal-to- 
noise  ratio  after  the  conversion  factors  of  Eg.  V-A-34  are  applied  to 
the  data.  The  fit  of  the  Coltman  and  Anderson  data  to  the  predicted 
curve,  using  Eq.  V-A-46,  is  seen  to  be  well  within  the  experimental 
measurement  errors.  It  is  concluded  that  the  effect  of  the  cardboard 
apertures  was  mainly  to  decrease  the  bar  height  over  which  the  eye  can 
integrate.  Attempts  to  show  that  the  eye  uses  only  seven  line  pairs 
in  making  an  identification  have  proved  unfruitful.  Similarly,  the 
premise  that  the  eye  can  integrate  over  a  small  portion  of  the  bar 
length  is  not  borne  out. 

In  a  preliminary  experiment,  the  SNR^  required  to  identify 
a  bar  pattern  was  determined  for  three  bar  length -to -width  ratios 
with  the  result  shown  in  Fig.  V-A-14.  The  SNR^  was  calculated  on  the 
basis  of  the  area  of  a  single  bar  in  the  pattern.  As  can  be  seen, 
the  probability  of  detection  is  the  same  for  all  three  patterns  when 
plotted  versus 

We  next  turn  to  the  formulation  of  a  model  that,  though  it 
will  require  considerable  modification  and  verification,  represents 
the  most  accurate  representation  of  the  fundamentals  of  imaging  as  we 
know  them  and  is  felt  to  be  the  best  point  of  departure  for  further 
model  development.  In  the  beginning  of  this  model  development,  it  is 
assumed  that  the  input  test  pattern  is  a  sine  wave  and  that  the  sensor 
MTF  is  unity. 

Recall  that  we  have  hypothesized  that  the  eye  uses  only  a 
single  line,  or  line  pair,  in  identifying  a  bar  pattern.  For  this 
analysis,  the  displayed  pattern  is  taken  to  be  an  infinitely  long  train 
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PROBABILITY  OF  PATTERN  RECOGNITION 


FIGURE  V-A-14.  Probability  of  Pattern  Recognition  Versus  SNRp^  for 

372-Une  Bar  Pattern  for  Three  Lsngth-to-Width 
Ratios  (l/W) 
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of  cosine  waves  in  the  x  direction  and  a  rectangle  in  the  y  direction, 
but  only  the  single  cycle  shown  in  Fig.  V-A-15  used  for  the  pattern 
identification.  Quantitatively,  the  wave  form  used  by  the  eye  will 
be  assumed  to  be 


g(x) 


0  -00  <  X  <  -X 

o 

%  (1  +  COS  TT  x/x  )  “X  £  X  £  X. 

0  0  o 


g(y)  = 


o 

o  -00  <  y  <  -yo/2 

1  -y0/2  *=  y  £  y0/2 

0  yQ/2  <  y  <  * 


X  <  X  <  oo 

o 


(V-A-49) 


(V-A-50) 


and 


g(x,y)  =  g(x)  •  g(y)  (V-A-51) 

The  basic  SNR^^  expression  to  be  used  will  be  Eq.  V-A-7,  rearranged 
to  read: 


snrd/a  = 


r 


C  i  a 
s  max 


(2-C)  i 


s  max 


rt/al*  ^  ~^s  max  a 
"l-y7"-1  L'2-0’  -»  »ax 


(V-A-52) 


2 

where  A,  the  effective  photocathode  area,  is  equal  to  off  ,  as  pre¬ 
viously  noted.  The  area  a  in  Eq.  V-A-52  will  be  treated  according  to 
the  Fourier  energy  integral  of  Eq.  V-A-18.  Thus, 
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a  =  J J  g  (X,y)  dxdy 

-CD 


(V-A-53) 


and,  because  of  the  independence  and  separability  assumption, 


00 

a=  / 


g2  (x)  dx  J  g2  (y)  dy 


(V-A-54) 


The  appeal  of  this  formulation  is  that  it  is  identical  to  that  used 
for  the  aperiodic  rectangle  detection  problem,  that  it  eliminates  the 
problem  of  deciding  what  to  do  about  images  that  have  both  positive 
and  negative  components,  that  it  treats  signals  and  noise  alike,  that 
integration  limits  become  fairly  well  defined,  that  it  gives  results 
that  are  in  good  agreement  with  those  obtained  by  other  investigators, 
and  that  the  results  predicted  using  this  concept  correlate  well  with 
measured  results. 


FIGURE  V-A-15.  Portion  of  Wave  Train  Assjmed  Used  by  the 
Eye  to  Recognize  Wave  Pattern 
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The  result  of  applying  Eq.  'v-A-54  to  Eqs.  V-A-49  and  V-A-SO 

is  that 


a  -- 


y0  V4 


(V-A-SS) 


and  Eq.  V-A-52  becomes 


t/cy 

* 

0.75  C  i 

s  max 

2 

|_y  /Xoyoj 

[o.75  (2-C)e  i  lfc 

l  y  '  s  maxj 

(V-A-56) 


Also,  since  Nv  =  Y/yQ  and  =  Y/xq>  where  Nv  and  are  expressed  in 
TV  lines  per  picture  height, 


t/o 

k  0.75  C  i 

— 

s  max 

Nv  *'NhJ 

0.75  (2-C)c  i 

L  v  s  max 

(V-A-57) 


which  is  very  similar  to  the  trial  models  postulated  in  Eq.  V-A-44. 

Suppose,  next,  that  the  sensor  MTF  is  either  unity  in  the  y 
direction  or  that  the  image  is  so  long  in  the  y  vertical  that  it  can 
be  considered  to  be  unity.  In  the  x  direction,  let  the  MTF  be  |Rq(N^) 
Then  Eq.  V-A-57  is  revised  to  read 


SNRD/A  = 


f  t/ a 

1*  0.75  C  |R0CNh)|  is  max 

K  -“hJ 

1  [0.75  ( 2-C)  |R0(Nh)|  e  i^^ 

(V-A-58) 


The  use  of  IRqCN^)  |  in  this  form  is  somewhat  unusual.  It  stems  from 
the  following  reasoning.  If  the  input  image  to  a  linear  filter  (or 
optical  aperture)  is  a  one-dimensional  train  of  sine  or  cosine  waves, 
then  the  output  waveform  will  be  a  train  of  sine  or  cosine  waves  of 
identical  spatial  frequency  but  of  reduced  amplitude.  The  image  wave¬ 
shape  weighting  function  g(x)  remains  unchanged.  The  effect  of  the 
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aperture  is  then  only  cns  of  decreasing  the  signal  and  mean  square 
noise  equally  in  the  sampling  area.  In  other  cases,  however,  the  wave 
shape  is  altered,  as,  for  example,  for  square-wave  (or  bar-pattern) 
image  inputs. 

For  the  case  of  a  square-wave  input,  suppose  that  the  sensor 
MTF  is  unity  once  again.  Also,  let  g(y)  be  given  by  Eq.  V-A-50  as  be¬ 
fore,  but  g(x)  is 


g(x) 


0  -<=  <  x  <  -xq/2 
1  -xQ/2  <  x  <  xq/2 
0  xq/2  <  x  <  » 


Proceeding  as  before,  we  find  that 


a  =  xv  =  Y2/N.  x  N 
o  o  h  v 


( V-A-59) 


( V-A-60) 


and 


r  ^-i 

N  .  N, 

L  v  hj 

1  I 

C  i. 


(V-A-61) 


(for  square-wave  image  inputs) 


Thus,  for  a  photoelectron-noise-limited  sensor,  the  area  form  of  the 
display  signal -to -noise  ratio  is  larger  for  a  unit  amplitude  square- 
wave  image  than  for  a  unit  amplitude  sine -wave  image  by  a  factor  of 
1/(0. 75)2,  or  1.15,  presuming  both  to  be  of  equal  spatial  frequency. 
Intuitively,  we  would  expect  square  waves  to  be  more  detectable. 

To  consider  the  effects  of  the  MTF  on  a  periodic  square  wave, 
we  will  first  decompose  the  square -wave  input  image  to  a  series  of 
sine  waves,  using  the  Fourier  series  representation 
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(V-A-62) 


4  ^  sin  (*  Nh  x) 
sq(x)  =  -  ^  - T - 

k  =  1,  -3,  5,  -7,  9,  . . . 

where  is  the  spatial  frequency  of  the  square  wave  in  half -cycles 
per  picture  height  and  is  equal  to 

"hi  =  1/XG  <V'S-63) 

for  xQ  measured  in  units  of  picture  height.  If  the  sine-wave  response 
or  MTF  is  given  by  |R0(Nh)  |,  the  square-wave  amplitude  response  may  be 
written  as 


V  V  =  i  E  \(Nh)A 


(V-A-64) 


k  =  1,  -3,  5,  -7,  9,  ... 


The  MTF  of  a  typical  television  sensor  is  plotted  in  Fig.  V-A-16. 

Also,  the  square-wave  amplitude  response,  or  MTF,  is  plotted  for  a 
typical  television  sensor,  which  here  happens  to  be  an  I-SEBIR  camera 
tube  with  a  25 -mm  target.  The  assumed  MTF  curve  is  seen  to  go  to  0  at 
900  TV  lines.  Thus,  at  >  N^c/3,  where  Nhc  is  the  cutoff  frequency, 
the  displayed  image  is  a  sine-wave  input.  At  higher  frequencies,  the 
square -wave  amplitude  is  4/tt  times  the  value  of  MTF  for  a  unit  ampli¬ 
tude  square-wave  input.  Indeed,  this  result  holds  with  fair  accuracy 
down  to  frequencies  of  N^c/4  or  N^c/5.  At  lower  frequencies,  the 
square -wave  amplitude  response  approaches  unity.  However,  the  energy 
keeps  increasing,  being  4/3  that  of  a  unit  amplitude  sine  wave  at  zero 
frequency.  This  effect  is  shown  as  the  dashed  curve  in  Fig.  V-A-16. 

We  see  the  following  interesting  result.  At  frequencies  above  Nhc/3, 
a  square -wave  input  yields  a  sine -wave  output  of  amplitude  4/tt  times 
the  input  amplitude.  Thus,  one  could  treat  it  as  a  sine  wave,  using 
Eq.  V-A-58.  The  3/4  factor  of  Eq.  V-A-58  becomes  3/4  x  4/tt  =  0.955 
1.0.  At  lower  spatial  frequencies,  the  energy  relation  must  be  used, 
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but  the  only  effect  will  be  that  4/tt  becomes  4/3  at  zero  frequency. 
Thus,  to  a  good  approximation,  we  can  write 


snVa  = 


t/«  f 

C  1  W  1  S  max 

F  •  NhJ 

U-C,  |R0(Nh)|  e  is 

(V-A-65) 


(for  square-wave  image  inputs) 


where  ^(N^)  |  is  the  sine-wava  response  or  MTF,  as  before.  Similarly, 
the  square-wave  amplitude  response  times  0.75  is  a  reasonable  approxi¬ 
mation  for  spatial  frequencies  from  cutoff  down  to  /4  or  Nh=/5- 
Alternatively,  the  threshold  value  of  SNRjyA  can  be  adjusted  when 
making  limiting  resolution  predictions.  Equation  V-A-65  is  recom¬ 
mended  for  general  calculations  of  SNR^. 


SPATIAL  FREQUENCY,  TV  lines  per  picture  height 
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FIGURE  V-A-16.  MTF  and  Square-Wave  Response  for  an  l-SEBIR  TV  Camera 


4.  Comparison  of  Current  Low-Light-Level  Television  Camera  Tubes 

The  various  measures  discussed  above  will  now  be  used  to  compare 
various  camera  tubes. 


There  are  more  similarities  than  differences  between  the  perform¬ 
ances  of  the  various  low-light-level  television  cameras  to  be  discussed. 
No  obvious  best  choice  for  even  a  majority  of  applications  will  be 
evident.  The  bulk  of  the  comparisons  are  based  on  performance  in 
viewing  a  stationary  scene ,  the  main  factors  being  sensitivity  and 
resolution.  Nevertheless,  at  any  point  in  time,  other  factors  such 
as  cost,  size,  weight,  power,  or  even  availability  may  be  overriding 
considerations.  Also,  performance  specifications  are  continuously 
subject  to  change. 

On  the  other  hand,  comparisons  that  are  reasonably  valid  at  this 
point  in  time  can  be  made.  In  the  comparisons  that  follow,  some  at¬ 
tempts  to  rank  currently  available  sensors  on  the  basis  of  sensitivity 
and  pattern  resolution  are  made  mainly  for  the  purpose  of  summarizing 
the  results  obtained.  It  must  be  understood  that  methods  of  ranking 
are  rather  poorly  defined,  so  that  complete  objectivity  is  not  en¬ 
tirely  possible. 

The  first  method  of  ranking  is  to  construct  Tables  V-A-4,  -5,  -6 
anc  -7,  which  show  the  display  signal-to-noise  ratio  as  a  function  of 
intensifier  photocurrent  for  various  resolutions  expressed  in  tele¬ 
vision  lines/raster  height.  (The  abbreviations  used  in  these  tables 
are  given  in  Table  V-A-8.)  As  has  been  discussed,  the  display  signal- 
to-noise  ratio  has  the  merit  of  being  independent  of  video  bandwidth 
and  of  relating  to  observer  performance  directly.  The  use  of  input 
photocurrent  as  a  parameter  has  the  desirable  feature  of  being  inde¬ 
pendent  of  the  input  intensifier* s  photocathode  type,  area,  or  sensi¬ 
tivity.  Thus,  the  results  apply  equally  well  to  intensifies  with 
other  typec>  of  photocathodes  and  to  intensifies  of  the  minifying 
type.  However,  the  tables  include  the  photocathode  irradiance  levels 
that  would  be  associated  with  a  photocathode  of  the  extended  red  S-20 
type  with  a  radiant  sensitivity  of  a  ma/watt  to  a  tungsten  source 
operated  at  2854°K.  The  most  questionable  parameter  in  the  tables  is 
the  use  of  resolving  power  in  terms  of  TV  lines/raster  height,  which 
tends  to  favor  TV  camera  tubes  that  have  largest  photocathodes.  Rating 
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4x10  amp/watt 


-A-6.  DISPLAY  SIGNAL -TO -NOISE  RATIO  VERSUS  INTENSIFIER  PHOTOCURRENT 
FOR  VARIOUS  LOW-LIGHT -LEVEL  TELEVISION  CAMERAS 


TABLE  V-A-7.  DISPLAY  SIGNAL-TO-NOISE  RATIO  VERSUS  INTENSIFIED  PHOTOCURRENT' 


For  ?ntensif ier  photocathode  sensitivities  of  4xl0~3  amp/watt. 


in  line  pairs/millimeter  would,  in  many  instances,  favor  tubes  that 
have  smaller  phctocathodes ,  and  could  change  the  rank  ordering  in 
some  cases. 


TABLE  V-A-8 .  ABBREVIATIONS 


Camera  Type 


2 

I  -PV 

Double  Intensifier  Lead-Oxide 
Vidicon 

I3-V 

Triple  Intensifier  Vidicon 

I-SEC 

Intensifier  Secondary  Electron 
Conduction  Camera  Tube 

I-IO 

Intensifier  Image  Orthicon 

I -II 

Intensifier  Image  Isocon 

I-SEBIR 

Intensifier  Silicon  Electron 
Bombardment  Induced  Response 
Camera  Tube 

At  the  lowest  photocurrents,  tubes  with  the  largest  signal  ampli¬ 
fication  have  the  advantage  because  their  preamplifier  noise  is  made 
negligible  thereby,  and  resolving  power  is  so  low  that  amplitude  re¬ 
sponse  is  of  no  concern  (except  in  the  case  of  the  intensifier  image 
isocon).  As  photocurrents  are  increased,  tubes  with  the  highest  square- 
wave  response  prevail. 

As  can  be  seen,  the  I -II  ranks  lowest  at  the  lower  photocurrerits 

and  highest  at  the  higher.  The  I-SEBIR  is  top  ranked  at  the  lowest 

photocurrents,  but  only  attains  middle  rank  at  the  higher  levels. 

This  is  due  to  its  currently  limited  modulation  transfer  function 

(MTF).  This  characteristic  is  expected  to  improve  with  time,  however. 

The  I-SEC  and  I-IO  currently  rank  high  for  all  but  the  very  lowest 

photocurrents.  The  converse  is  true  for  the  I3-V,  which  has  more  than 

2 

adequate  gain,  but  a  severely  limited  square-wave  response.  The  I  -PV 
in  its  present  form  is  handicapped  by  its  21.4-mm  photocathode.  With 
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a  25 -nun  photocathode,  it  should  attain  middle  rank  at  the  moderate  to 
high  photocurrent  levels. 

To  further  illustrate,  the  results  of  Tables  V-fl-5  and  V-A-7  are 
plotted  in  Figs.  V-A-17  and  V-A-18.  The  first  figure  corresponds  to 
operation  at  a  moderately  low  light  level,  while  the  second  pertains 
to  operation  at  nearly  maximum  light  levels. 

The  SNRp  tables  and  noise  figure  curves  apply  only  to  static 
imaging  of  scenes.  When  even  moderate  scene  motion  is  involved  (scene 
speeds  as  slow  as  20  sec  per  horizontal  field  of  view),  lag  effects 
will  dominate.  As  previously  noted,  the  measurement  and  specification 
of  lag  is  poorly  understood.  A  rank  ordering  is  shown  in  Table  V-A-9, 
based  on  the  author’s  experience  with  lag  characteristics  such  as  are 
shown  in  this  section  and  with  other  dynamic  resolution  measurements 
that  have  not  been  reviewed. 

TABLE  V-A-9.  RANK  ORDER  ESTIMATED  FOR  LOW-LIGHT -LEVEL 
TELEVISION  TUBES  ON  THE  BASIS  OF  LAG 

Lag 

Very  low 
Low  to  moderate 
Moderate 

Moderate  to  high 


Combining  the  lag  tables  with  the  SNR^  tables,  we  can  draw  cer¬ 
tain  conclusions  that  appear  to  be  consistent  with  general  practice. 
The  I-IO  ranks  quite  high  with  regard  to  sensitivity  and  low  lag,  and 
for  many  years  it  was  the  mainstay  of  LLLTV.  It  has  been  gradually 
replaced  by  the  I-SEC,  which  has  comparable  sensitivity  and  lower  lag, 
in  addition  vo  being  simpler  to  operate.  The  I^-V  has  been  used  in 
lov>  -cost  miniature  systems  where  image  motion  effects  are  not  too 
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DISPLAY  SIGNAL-TO-NOISE  RATIO 


RESOLUTION,  lines/roster  height 

S3- 18-71 -u 


FIGURE  V-A-17.  Display  Signal-to-Noise  Ratio  Versus  Resolution  for  Various 
Low- light- Lave  I  Cameras  with  an  Input  Photocathode 

Current  of  10  ^  Amp. 
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demanding.  The  I  -PV  remains  to  be  field  evaluated.  In  the  larger 
sizes,  this  combination  may  have  promise.  The  I-II  is  of  recent  origin 
from  a  practical  viewpoint  and  provides  capability  not  too  far  dif¬ 
ferent  from  the  I-SEC,  being  somewhat  superior  at  high  light  levels 
and  somewhat  inferior  at  lower  light  levels.  It  is  also  somewhat 
laggier,  and  the  cameras  using  it  are  somewhat  larger  and  more  com¬ 
plex,  although  complexity  has  decreased  in  recent  models.  One  major 
advantage  of  the  I-II  is  that  it  is  relatively  immune  from  damage  by 
extreme  overexposure.  The  I-IO  requires  some  protection  against  ex¬ 
tremely  bright  lights,  as  does  the  I-SEC,  although  the  new  mesh- 
supported  SEC  target  offers  some  relief  in  this  regard.  The  I-SEBIR 
is  very  new,  but  shows  the  most  promise  from  che  viewpoints  of  both 
sensitivity  and  lag.  It  is  also  reported  to  be  immune  to  overexposure 
difficulties  and  should  become  the  mainstay  of  future  LLLTV  systems. 

B.  IMAGE  CONVERTERS  AND  IMAGE  INTENSIFIERS* 

An  image  converter  is  a  sensor  whose  function  is  to  detect  a  two- 
dimensional  photon  image,  convert  it  into  a  photoelectron  image,  and 
then  reconvert  the  photoelectron  image  back  into  a  photon  image.  An 
image  intensifier  is  a  special  case  of  an  image  converter.  This  term 
is  used  to  describe  an  imag  converter  vtfiose  input  and  output  images 
are  primarily  in  the  visible  spectrum  and  whose  output  image  is  much 
brighter  than  that  of  the  input.  The  output  of  an  image  intensifier 
may  be  viewed  directly  or  it  may  be  coupled  to  other  image  intensifies 
to  provide  even  larger  image-brightness  gains.  Image  intensifies  may 
be  coupled  by  means  of  lenses  interposed  between  individual  intensifier 
stages,  but  the  efficiency  of  such  coupling  is  usually  less  than  5  per¬ 
cent.  In  modern  intensif iers,  the  input  photocathodes  and  output 
phosphors  are  deposited  on  fiber-optic  plates  so  that  tubes  can  be 
directly  coupled  by  simply  butting  one  against  the  next.  The  coupling 


* 

In  the  interest  of  making  this  discussion  self-sufficient,  some  of 
the  material  in  Section  V-B  duplicates  material  that  appeared  in 
Parts  1TI  and  IV. 
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efficiency  in  this  case  can  be  as  high  as  50  to  80  percent,  depending 
on  the  type,  diameter,  and  cladding  of  the  fibers  used. 

In  addition  to  brightness  gains,  image  intensifies  can  be  used 
tc  provide  viewfield  zoom  by  simple  electronic  means.  They  are  also 
coupled  to  television  pickup  tubes  to  increase  their  sensitivity. 

1.  Principles  of  Operation 

A  typical  electrostatically  focused  image  intensifier  is  shown  in 
Fig.  V-B-l.  It  consists  of  an  evacuated  glass  envelope  with  a  photo¬ 
cathode  on  the  inner  surface  of  one  fiber-optic  endplate  and  a  phosphor 
on  the  other.  The  inner  surfaces  of  the  endplates  are  curved  to  mini¬ 
mize  image  distortion.  The  photoelectron  image  is  greatly  accelerated 
and  focused  onto  the  phosphor,  vtfiic'n  recreates  the  original  image  in 
correct  spatial  correspondence,  except  that  the  image  is  inverted  top 
for  bottom  and  right  for  left.  To  prevent  feedback  of  phosphor  light 
to  the  photocathode,  i  he  internal  cone-shaped  electrode  is  blackened 
and  the  inner  surface  of  the  phosphor  is  aluminized.  The  light  that 
emanates  from  the  output  endplate  is  diffused  so  that,  when  coupling 
to  other  intensifie  s,  both  first-stage  output  and  second-stage  input 
endplates  must  be  optically  flat  and  tightly  joined. 

The  maximum  accelerating  voltage  is  typically  15  kv.  At  higher 
voltages,  the  dark  current  rapidly  increases,  and  difficulties  with 
positive  ion  bombardment  of  the  photocathode  may  be  encountered.  Some 
control  over  image  brightness  can  be  achieved  by  reducing  the  accel¬ 
erating  voltage  (about  10:1  to  15:1),  but  at  voltages  much  below  2  or 
3  kv  the  image  will  lose  focus  and  rotate. 

The  spectral  responses  of  several  typical  photoemitters  are  shown 
in  Fig,  V-B-2.  The  S-l  surfaces  are  sensitive  mainly  in  the  near  in¬ 
frared  and  are  used  in  conjunction  with  auxiliary  near-infrared  scene 
illuminators.  One  applications  during  World  War  II  was  the  sniperscope. 
The  S-10  surface  has  been  used  extensively  in  commercial  broadcast  ap¬ 
plications,  where  the  similarity  of  its  spectral  response  to  that  of 
the  human  eye  is  prized.  The  radiant  sensitivity  of  the  photoemitters, 
which  respond  mainly  in  the  visible,  is  sometimes  expressed  in  the  form 
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•‘S-20VR  IS  NOT  A  JOINT  ELECTRON 
L  DEVICE  ENGINEERING  COUNCIL 
(JEDEC)  TERM  BUT  IS  APPLIED  TO 
THE  RECENT  BETTER  S-20  CATHODES 
BY  VARO,  INC. ,  AND  OTHERS. 

I  I  I  I  I  I  I 


WAVELENGTH,  microns 


S  3-15-7) -15 


FIGURE  V-B-2.  Spectral  Responsivity  Versus  Wavelength  for  Several  Photoemissive 
Photocathodes.  (S-20VR  Substrate  on  Fiber  Optics,  Others  on 
Lime  Glass.) 


E(\,2854°K)  =  the  spectral  irradiance  due  to  the  tungsten  source 
operated  at  2854°X  (watt/m^),  and 

X  =  the  wavelength  of  the  radiation  in  microns. 

Measured  in  these  terms,  the  of  the  S-10  surface  is  about  0.8  me/ 
watt.  One  of  the  first  steps  forward  in  low-light -level  imaging  was 
the  development  of  the  S-20  surface  with  a  typical  specific  radiant 
response  (jp  of  3  ma/watt.  This  surface  was  gradually  improved  by  ex¬ 
tending  its  red  response,  and  by  the  mid-1960 ' s  4  ma/watt  became  quite 
commonplace,  with  occasional  values  as  high  as  5  to  6  ma/watt.  As  the 
S-20  was  improved,  it  became  known  as  the  S-20XR  (XR  for  extended  red), 
and  it  was  finally  type  classified  as  the  S-25.  More  recently,  even 
further  improvements  have  resulted  in  a  surface  which  is  tentatively 
described  as  the  S-20VR  (VR  for  very  red),  whose  sensitivity  is  re¬ 
ported  to  vary  from  5  to  9  ma/watt.  The  sensitivity  of  the  S-20VR  in 
the  near  infrared  is  especially  notable.  The  S-20VR  is  not  now  as 
commonly  available  as  the  S-25,  and  hence  the  latter  will  be  used  here 
for  calculations.  In  all  that  follows,  the  radiant  sensitivity  of  a 
photoemitter  used  in  an  intensifier  will  be  assumed  to  be  4  ma/watt. 

The  thermionic  emission  or  dark  current  of  the  S-l  is  quite  high, 
-11  -3  2  2 

being  10  to  10  ‘  amp/cm '  at  room  temperature.  In  many  cases,  it 

5  s  necessary  to  cool  this  furface  to  avoid  excessive  contrast  loss. 

-13  -14 

The  dark  current  of  the  S-10  is  considerably  better  at  10  to  10 
2 

amp/cm  ,  but  is  still  higher  than  desired  for  low-light-level  appli¬ 
cations.  For  the  S-20  and  S-25  surface,  dark  current  is  extremely 
low  (10  15  to  10 “16  amp/cm2)  and  is  not  ordinarily  a  problem.  It  is 
understood  that  the  dark  current  of  the  S-20VR  is  similarly  low. 

2.  Intensifier  Gain 

The  input  photocathode  current  ig  due  to  an  input  irradiance 
E(X)  is  given  by 


i 


s 


R(X)  E(X)  dx 


(V-B-2) 
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where  A  is  the  effective  or  usable  area  of  the  photocathode  and  the 
other  terms  are  as  before.  Alternatively,  when  the  source  is  tungsten 
at  2854°K,  one  may  write  the  simpler  equation, 

is  =  op  A  Et.  (V-B-3) 

The  photocurrent  is  accelerated  to  the  phosphor,  which  recreates  an 
image  of  radiant  power  distribution  equal  to 

Ep(\)  =  is  kp  Z(\)/Ap  (V-B-4) 

where  k^  is  the  radiant  power  conversion  gain  of  the  phosphor  at  peak 
X  in  watts/amp,  Ap  is  the  phosphor  area,  and  Z( X)  is  the  relative 
spectral  distribution  of  the  phosphor’s  output  radiation.  Z( x)  for  a 
typical  modified  P-20  phosphor  as  used  in  most  modern  intensifies  is 
shown  in  Fig.  V-B-3.  The  modified  P-20  phosphor  represents  a  good 
spectral  match  both  with  the  human  eye  and  with  S-20  and  S-25  photo- 
emitters.  In  addition,  it  is  a  good  compromise  between  high  gain  and 
resolving  power.  When  one’s  eye  views  the  output  of  the  phosphor  di¬ 
rectly,  one  is  concerned  with  brightness  gain,  which  is  the  ratio  of 
output  to  input  image  brightness.  This  can  be  a  factor  of  100  or  more 
for  intensifies  of  equal  input  and  output  image  areas.  This  high 
gain  is  due  in  part  to  the  phosphor’s  green  color,  to  vriiich  the  eye 
is  most  sensitive. 

The  apparent  light  gain  GT  due  to  adding  an  intensifier  in  front 
of  a  second  intensifier  will  be  different  from  the  brightness  gain  be¬ 
cause  the  spectral  response  of  a  second-stage  photocathode  is  different 
from  that  of  the  eye.  In  the  cascaded  intensifier  case,  it  is  con¬ 
venient  to  define  the  light  gain  relation  as 


-  qr»1  r 
’L  A2  aTj2  uE,l-2’ 


(V-B-5) 
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RELATIVE  SPECTRAL  RADIANCE 


IE  V-B-3.  Relative  Spectra!  Radiance  of  a  Modified  P-20  P 
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where  the  subscript  1  refers  to  the  input  stage  and  the  subscript  2 
refers  to  the  output  stage.  The  quantity  A^/Ag  is  the  ratio  of  first - 
to  second-stage  photocathode  areas,  Op  ^/otp  ^  is  the  ratio  of  photo¬ 
cathode  radiant  sensitivities,  and  Gg  is  the  electron  gain  at  the 

input  intensif ier’ s  phosphor/output  intensif ier’ s  photocathode.  Spe¬ 
cifically,  the  electron  gain  is  equal  to  the  ratio  of  photocurrents 
in  stage  1  to  photocurrents  in  stage  2.  Thus, 


GE,l-2 


Z^X)  y  c?2 


(V-B-6) 


In  this  formulation,  Kp  includes  any  coupling  losses  that  may  take 
place  between  the  two  intensif iers.  The  value  of  Gg  is  variable  from 
tube  to  tube  but  is  usually  in  the  range  of  30  to  50,  40  being  typical 
for  tubes  with  P-20/S-20  phosphor/photocathode  combinations. 

In  Eq.  V-B-5,  one  observes  first  that  the  electron  gain  should 
correlate  with  the  value  of  c,p  i.e.,  a  high  value  for  ^  should 
result  in  a  high  value  for  Gg  This  is  not  necessarily  true,  be¬ 

cause  the  phosphor’s  spectral  output  is  quite  narrow  spectrally  and 
is  centered  at  about  0.51  or  0.52  microns.  Therefore,  the  sensor 
sensitivity  at  only  this  wavelength  is  of  concern.  The  more  sensitive 
photocathodes  get  their  sensitivity  mainly  from  a  wider  spectral  band¬ 
pass,  which  is  of  no  use  when  coupling  to  a  phosphor.  Indeed,  the  old 
S-20  may  be  somewhat  superior  to  the  S-25  in  this  regard,  as  can  be 
seen  by  comparing  Figs,  V-B-2  and  V-B-3. 

One  observes  next  that  the  input  intensifier’s  phosphor  must 
match  the  photocathode  that  follows  it  in  size,  while  the  input  photo¬ 
cathode  need  not.  This  is  shown  as  the  area  ratio  gain  Ag/A^  A 
zoom  intensif ier  in  which  the  input  photccathode  area  is  variable  is 
shown  in  Fig.  V-B-4.  In  this  tube  the  amount  of  photocathode  imaged 
on  the  phosphor  is  electronically  variable  by  changing  the  potentials 
on  various  internal-focus  electrodes.  In  current  practice,  up  to  a 
3:1  viewfield  zoom  can  be  provided  while  maintaining  the  image  on  the 
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phosphor  at  full  size.  As  will  be  discussed,  an  increase  in  viewfield 
through  electronic  zoom  is  generally  accompanied  by  an  increase  in 
sensitivity  and  a  decrease  in  scene  resolving  power. 


FIGURE  V-B-4.  Schematic  of  an  "Electronic  Zoom"  Intensifier 

3.  Intensifier  Sine-Wave  Response* 

In  detecting  the  image,  converting  it  to  electrons,  focusing  it 
onto  the  phosphor,  and  recreating  a  visible  image,  resolving  power  is 
lost  at  each  step.  It  has  become  customary  to  describe  the  overall 
loss  in  resolving  power  by  means  of  the  sensor’s  sine-wave  response 
R^N).  This  can  be  measured  by  projecting  a  sine-wave  bar  pattern  on 
the  photocathode.  First,  a  sine-wave  pattern  of  lew  spatial  frequency 
is  employed  and  the  peak-to-peak  output  amplitude  is  noted.  Using 
this  amplxuude  as  a  reference,  the  pattern  spatial  frequency  is  in¬ 
creased  in  discrete  steps.  At  each  step,  the  new  peak-to-peak  output 
amplitude  is  measured  and  the  ratio  of  this  amplitude  to  that  measured 
at  the  low  spatial  frequency  is  formed.  The  plot  of  these  amplitude 

ft 

The  MTF  of  a  system  is  the  product  of  the  MTF  of  each  component.  In 
this  report,  we  discuss  electrooptical  components,  and  nowhere  in  the 
following  material  do  we  include  the  MTF  of  the  optical  lens  used  in 
a  camera. 
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ratios  as  a  function  of  pattern  spatial  frequency  constitutes  the 
sine -wave  response. 

The  sine-wave  spatial  frequency  is  described  quantitatively  in 
terms  of  the  number  of  cycles  (or  line  pairs)  per  millimeter  or  in 
terms  of  the  number  of  half  cycles  (or  lines)  per  some  dimension — the 
photocathode  diameter,  for  example.  The  sine-wave  response  of  a 
typical  intensifier  is  shown  in  Fig.  V-B-5.  Also  shown  are  the  sine- 
wave  responses  of  two  and  of  three  intensifiers  in  cascade,  unit  mag¬ 
nification  being  assumed  (equal  input  photocathode  and  phosphor  diame¬ 
ters  in  each  stage).  These  responses  are  calculated  from  the  relation 

R»  5,P>  =  <nLP>  »  Rtu,2  <NLf’  -  Vn  (NLP>  (V-B*7) 

where  the  term  (N^p)  is  the  ove- all  sine-wave  response  and  the  terms 
n  ^NLP^  are  the  s^ne-wave  responses  of  the  individual  intensifiers. 
When  combining  responses  in  this  form,  it  is  necessary  to  reference 
the  spatial  frequency  to  the  area  vrtiere  the  individual  elements  are 
physically  coupled  in  each  case.  For  two  intensifiers  in  cascade,  the 
appropriate  area  is  the  phosphor /photocathode  interface.  Where  the 
intensifiers  are  of  unit  magnification  the  point  of  reference  is  of 
no  concern,  but  where  zoom  intensifiers  are  involved  case  must  be  ex¬ 
ercised. 

The  special  case  of  a  zoom  intensifier  merits  some  attention.  If 
the  intensifier  were  of  unlimited  resolving  power,  which  implies  a 
unit  sine-wave  response,  the  scene  resolution  would  be  the  same  in 
both  the  wide-angle  and  narrow-angle  modes.  Since  the  wide-angle  mode 
also  covers  more  viewfield,  there  would  then  be  little  point  to  zoom. 

As  a  practical  matter,  the  intensifier’ s  resolving  power  is  limited  by 
the  phosphor  particle  sizes.  Thus,  as  viewfield  is  increased,  the 
amount  of  scene  detail  per  phosphor  particle  increases.  When  the  de¬ 
tail  becomes  smaller  than  the  particles,  the  detail  must  inevitably 
be  lost.  The  consequence  is  that  a  viewfield  increase  is  accompanied 
by  a  loss  in  scene  detail.  On  the  other  hand,  the  photoelectron  density 
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per  particle  increases  with  an  increase  in  photocathode  size,  and 
hence  the  smaller,  less  detailed  scene  object  becomes  brighter. 


FIGURE  V-B-5.  Sine-Wave  Amplitude  Response  for  a  Single,  a  Double,  and  a  Triple 
Intensifier.  (These  Curves  are  Independent  of  Intensifier  Size  to  a 
first  Approximation.) 


To  illustrate  this  result  more  graphically,  the  sine-wave  response 
of  a  zoom  intensifier  is  plotted  in  Fig.  V-B-6,  referred  to  the  input 
phot ocathode .  It  is  interesting  to  observe  that  the  photocathode  is 
ordinarily  of  very  high  resolving  power  compared  to  the  phosphor. 

Hence,  the  sine-wave  response  referred  to  the  phosphor  is  very  nearly 
the  same  in  either  the  wide-angle  or  narrow-angle  view. 

4.  Lag  Effects 

The  effect  of  image  lag  is  to  smear  together  scen^.  retail  when 
scene  image  moves  across  the  input  photocathode.  In  an  intensifier, 
some  lag  due  to  phosphor  decay  can  be  expected.  One  measurement  cf 
such  lag,  performed  with  a  modulated  light  source,  is  shown  in  Fig. 
V-B-7.  Tne  lag  at  the  normal  TV  frame  rate  (30/sec)  is  seen  to  be 
quite  small  for  a  single  intensifier  but  is  appreciable  for  three- 
stage  sensors.  Methods  of  measuring  and  specifying  lag  effects  are 
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not  well  known  but  can  be  quite  serious,  as  will  be  discussed  in  con¬ 
nection  with  TV  camera  tubes. 

Although  intensifiers  exhibit  lag  effects  of  their  own,  their  ad¬ 
dition  can  reduce  overall  system  lag.  Most  camera  tuljes,  in  partic¬ 
ular,  have  lag  characteristics  which  are  dependent  on  light  level. 

That  is,  lag  increases  as  light  level  decreases.  By  increasing  the 
light  level  on  the  camera  ^ibe,  the  increase  in  lag  due  to  an  added 
intensifier  is  usually  more  than  offset  by  the  decrease  in  camera 
tube  lag. 


FIGURE  V-B-6.  Sine-Wave  Response  of  a  Zoom  Inrensifier  Referred  to  the 
Input  Photocathode 


FIGURE  V-B-7.  Temporal  Response  of  Image  Intensifiers 
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C.  VTDICON  CAMERA  TUBES 

The  term  vidicon  is  used  generically  to  describe  those  television 
camera  tubes  that  employ  a  photoconductive  photosurface,  but  it  is 
also  used  to  describe  many  other  types  of  tubes  in  which  the  photo- 
surface  acts  both  as  a  photon-to-electron  transducer  and  as  the  signal 
storage  medium.  In  this  section,  the  term  vidicon,  when  unmodified 
by  other  descriptors,  will  mean  a  tube  in  which  the  surface  is  a  porous 
antimony -trisulfide  photoconductor.  The  next  most  prevalent  type  of 
vidicon  at  present  is  one  using  a  lead-oxide  layer  as  its  photosur¬ 
face..  This  surface  behaves  like  a  reverse-biased  p-i-n  diode.  The 
principal  advantage  of  the  lead-oxide  vidicon  is  a  lower  lag  versus 
light  level  characteristic,  while  vidicons  in  general  are  capable  of 
higher  maximum  resolving  power.  Neither  the  vidicon  nor  the  lead- 
oxide  vidicon  is  capable  of  low-light-level  performance  unless  aided 
by  two  or  more  intensifiers  in  cascade. 

As  is  well  known,  photoconductors  and  other  photosensitive  semi¬ 
conductors  can  provide  photon  conversion  efficiencies  larger  than 
unity,  but  when  the  additional  requirements  of  signal  storage  and  a 
reasonable  time  constant  are  imposed,  this  capability  is  precluded 
for  practical  purposes.  Because  of  this  lack  of  gain  in  the  photo- 
surface,  the  limiting  noise  becomes  tha4-  of  the  camera's  video  pre¬ 
amplifier.  While  considerable  care  should  be  exercised  in  the  design 
of  the  preamplifier,  the  extraordinary  measure  of  incorporating  a  low- 
noise  internal  secondary-emission  preamplifier  such  as  a  return -beam 
electron  multiplier  (Ref.  12)  or  isocon  readout  is  seldom  warranted, 
except  in  very  special  applications  when  slow  scan  rates  can  be  tol¬ 
erated.  This  is  due  to  the  fact  that  the  lag  characteristics  of  these 
tubes  are  dependent  on  light  levels.  At  the  light  levels  where  the 
reduced  noise  of  the  electron  multiplier  is  effective,  the  lag  far  ex¬ 
ceeds  that  tolerable  for  real-time  imaging  of  scenes  in  motion.  These 
lag  effe^irs  are  more  serious  for  the  vidicon  than  for  the  load-oxide 
vidicon  but  are  of  concern  for  both. 
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1.  The  Lead-Oxide  Vidicon  (PV)* 

The  lead-oxide  vidicon,  which  will  be  abbreviated  hereafter  as 
PV,  is  of  more  recent  vintage  than  the  vidicon,  but  its  analysis  is 
simpler,  and  therefore  discussing  it  first  better  serves  to  illustrate 
the  analytical  performance  prt  ’tion  techniques  that  will  be  used 
throughout  Section  V-C.  The  photosurface  of  the  PV  consists  of  a 
layer  of  reverse -biased  p-i-n  photodiodes.  In  operation,  this  surface 
is  similar  to  that  in  a  vidicon,  except  that  the  discharge  of  the 
layer  capacitance  by  light  takes  place  by  means  of  hole-electron  pairs 
photogenerated  in  the  i  layer.  Nearly  all  of  the  target  potential  is 
impressed  across  this  layer,  and  the  resulting  electric  field  rapidly 
sweeps  the  holes  generated  to  the  electron  gun  or  p  side  and  the  elec¬ 
trons  to  the  input  window  or  n  side.  The  p  and  n  contacts  act  as 
blocking  electrodes,  preventing  the  injection  of  carriers,  so  that 
only  thermally  generated  hole -electron  pairs  can  contribute  to  the 
dark  current.  These  are  generated  at  a  very  "ow  rate  due  to  the  1.9- 
ev  bandgap  of  PbO. 

The  advantages  claimed  for  the  PV  are  that  dark  current  is  in¬ 
trinsically  very  low,  that  the  dark  current  reaches  a  saturation  at  a 
low  level  as  target  potential  is  increased,  that  the  signal  end  dark 
currents  are  independent  of  temperature  over  a  quite  wide  range  about 
room  temperature,  and  that  the  lag  is  quite  small  compared  to  that  of 
a  vidicon.  The  gamma  of  the  PV  is  near  unity,  as  opposed  to  the  value 
of  0.65  typical  of  vidicons.  This  is  claimed  to  be  an  advantage  in 
color  TV  and  in  radiometric  applications .  The  PV  is  understood  to  be 
relatively  immune  to  damage  by  bright  lights . 

a.  Principles  of  Operation.  The  vidicon  and  the  lead-oxide 
vidicon  operate  in  a  similar  manner  except  for  the  details  of  the 
primary  photoprocess.  The  schematic  cf  a  typical  vidicon  is  shown  in 
Fig.  V-C-l .  A  transparent  signal  electrode  is  deposited  on  the  inner 
surface  of  the  faceplate.  The  faceplate  can  be  either  glass  or  a 
fiber-optic  plate.  The  photosurface  or  "target"  is  deposited  on  the 
signal  electrode.  Ordinarily,  the  signal  electrode  is  biased  15  to  40 

Commercially  typified  by  the  Plumbicon®  (Phillips),  oxicon  (GEC), 

vistacon  (RCA),  and  lead-oxide  vidicon  (GE). 
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volts  positive  with  respect  to  the  electron  gun.  The  side  of  the  pho¬ 
tocathode  facing  the  electron  gun  is  periodically  charged  to  the  elec¬ 
tron  gun  potential  by  the  action  of  the  scanning  electron  beam.  If 
light  is  incident  on  a  resolution  element  of  the  photosurface  during 
the  interval  between  successive  scans,  electrons  are  generated  within 
the  photosurface  and  move  n  an  appropriate  direction  so  as  to  dis¬ 
charge  the  charge  stored  on  it.  However,  current  cannot  flow  in  the 
external  target  lead  resistor  until  the  beam  once  again  passes  the  il¬ 
luminated  point.  The  function  of  the  beam  is  to  recharge  the  photo- 
catnode  point  by  point  back  to  gun-cathode  potential,  and  the  result¬ 
ing  charging  current  flowing  through  the  target  lead  constitutes  the 
video  signal.  Signal  storage  results  from  the  fact  that  scene  light 
impinging  on  a  point  on  the  photosurface  continually  discharges  it  be¬ 
tween  successive  passes  of  the  beam.  The  charge  replaced  by  the  beam 
is  the  total  integrated  amount  of  charge  discharged  during  the  period 
between  scars.  This  period  is  called  the  frame  time.  In  commercial 
practice  the  frame  time  is  1/30  sec. 


TARGET  CONNECTION 


GRID  NO.  2 


FIGURE  V-C-l .  Schematic  of  Vidicon  and  Associated  Focus,  Deflection, 
and  Alignment  Coils 
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There  are  usually  three  important  time  constants  in  the  oper¬ 
ation  of  the  tube.  First,  there  is  a  signal-storage  time  constant  or 
dielectric  relaxation  time  consisting  of  the  RC  time  constant  of  the 
layer.  This  time  constant  should  be  long  compared  to  the  frame  time. 

A  second  time  constant  is  associated  with  the  photoprocess  itself  and 
has  to  do  with  the  mobility  of  charge  carriers.  The  third  time  con¬ 
stant,  called  the  readout  time  constant,  is  a  product  of  the  beam  re¬ 
sistance  times  the  photoconductor  capacitance.  Both  the  second  and 
third  time  constants,  which  collectively  limit  the  speed  and  efficiency 
of  signal  readout,  should  be  short.  In  the  PV,  both  the  photoprocess 
and  readout  time  constants  are  short.  For  slow-scan  applications, 
however,  the  signal  storage  time  constant  of  the  PV  tends  to  be  some¬ 
what  short. 

b.  Signal  Transfer  Characteristic.  The  signal  transfer  charac¬ 
teristic  of  a  TV  pickup  tube  is  an  experimentally  measured  plot  of 
signal  current  at  the  output  of  the  tube  as  a  function  of  the  input 
photosurface  irradiance  as  shown  in  Fig.  V-C-2.  This  curve  is  ob¬ 
tained  with  the  photosurface  uniformly  irradiated.  For  the  PV,  the 
slope  or  gamma  of  the  log  Ig  versus  log  ET  curve  is  unity.  Hence,  one 
may  write  the  signal  current  equation  as 


Is  -  Or  A  E?/eveh 


(V-C-l) 


where  the  terms  are  as  defined  in  Section  V-B,*  except  that  one  must 

include  here  e  and  e^,  the  vertical  and  horizontal  scan  efficiency 

terms.  The  value  of  e  e,  for  commercial  broadcast  TV  is  about  0.79. 

v  n 

These  terms  stem  from  the  fact  that  the  electron  beam,  in  scanning  a 
raster  pattern  from  right  to  left  and  from  top  to  bottom,  needs  some 
time  to  return  to  the  left  to  begin  a  new  line  and  some  time  to  return 
to  the  top  to  begin  a  new  field.  Because  of  this  ''dead”  time  in  the 


Oj.  is  the  radiant  sensitivity  of  the  photoemitter,  expressed  as 
response  to  the  total  radiation  from  a  tungsten  source  operated 
at  2854°X. 


picture,  the  beam  must  scan  each  line  more  quickly,  which  increases 
the  rate  of  charge  readout.  Thus,  signal  current  increases.  Reduc¬ 
tions  in  scan  efficiencies  can  result  in  increased  sensitivity  at  the 
expense  of  other  parameters  such  as  video  bandwidth,  area  scanned,  or 
maximum  resolving  power,  depending  on  the  scan  mechanism  used. 


FIGURE  V-C-2.  Signal  Current  Versus  Photocathode  Irradiance  Characteristic  for 
the  Lead-Oxide  Vidicon  and  its  Combination  with  Various 
(ntensifiers 

The  PV  signal-transfer  curve  shows  no  discernable  "knee'”  or 
leveling  off  characteristic  as  photosurface  irradiance  increases,  al¬ 
though  a  knee  may  be  artificially  introduced  by  electronic  means  to 
increase  dynamic  range.  The  spectral  response  of  the  more  common 
lead-oxide  photocathode  resembles  that  of  the  5-10  photoemitterT^but 
has  a  photosurface  sensitivity  of  the  order  of  3  to  6  ma/watt.  An 
extended-red- sensitive  surface  is  also  available  with  sensitivities 
in  the  6-  to  9-ma/watt  range.  The  signal-transfer  curve  applies  to  a 
"standard"  lead-oxide  surface  deposited  on  a  fiber-optic  faceplate. 
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For  this  case,  it  is  estimated  that  the  specific  radiant  sensitivity 

to  tungsten  light  will  be  3.42  ma/watt.  In  the  fiber-optic  version 

of  the  PV,  the  current  photocathcde  diameter  is  21.4  mm  and  the  ef- 

-4  2 

fective  area  is  2.2  x  10  m  ,  if  one  assumes  the  usual  4  horizontal 
to  3  vertical  picture  aspect  ratio. 

c.  Amplitude  Response.  The  square -w  e  amplitude  response  of  a 
TV  camera  tube  is  obtained  by  imaging  a  bar  pattern  of  ICO  percent 
contrast  and  noting  the  output  amplitude  as  the  bar  widths  and  spacings 
are  reduced.  The  number  of  black  and  white  bars,  counted  individually, 
is  expressed  in  terms  of  the  raster  height  dimension  (TV  lines/raster 
height)  or,  alternatively,  in  line  pairs  per  millimeter,  as  discussed 
in  Sec.  V-B.  The  advantage  of  the  former  definition  is  that  resolving 
power  expressed  in  these  terms  is  independent  of  the  variations  in 
image  dimensions  that  may  take  place  from  point  to  pcint  within  the 
tube.  At  low  line  numbers  (broad  ba  s),  the  bar  pattern  will  be  re¬ 
produced  quite  faithfully  without  any  appreciable  degradation  of  signal 
amplitude.  As  the  bar  number  is  increased,  the  signal  amplitude  de¬ 
creases  due  to  a  smearing  together  of  detail,  as  in  the  case  of  the 
intensifier  previously  disqussed.  The  amplitude  or  square-wave  re¬ 
sponse  of  the  TV  pickup  tub®  is  obtained  by  taking  the  ratio  of  the 
signal  amplitude  due  to  the  high -line -number  bar  pattern  to  that  at 
the  low-line-number  pattern.  A  typical  result  for  a  PV  is  shown  in 
Fig.  V-C-3 . 

Although  the  bar  piattern  used  is  specified  in  terms  of  the 
number  of  bars/raster  height^,  the  bar  pattern  is  oriented  vertically 
in  the  manner  of  a  picket  fjance.  The  quantity  measured,  therefore, 
is  the  square-wave  response  in  the  horizontal.  The  vertical  square- 
wave  response  will  be  different  from  the  horizontal  response,  but  it 
is  neither  measured  nor  specified  in  most  cases. 

The  main  effect  of  the  square-wave  (or  sine-wave)  response 
of  the  sensor  is  to  decrease  the  available  signal.  This  results 
chiefly  in  loss  of  the  picture’s  high-frequency  content,  i.e,,  detail. 
In  high-performance  sensors,  it  may  also  filter  noises  generated  prior 
to  the  limiting  sensor  apertures. 
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FIGURE  V-C-3.  Uncompensated  Sine-  or  Square -Wave  Responses  for  the  Lead- Oxide 
Vidicon  and  its  Combination  with  Intensifies  with  21.4-mm  Phosphors. 
(Intensifier  Response  is  Sine  Wave;  Lead-Oxide  Vidicon  and  Intensi- 
fier  Lead-Oxide  Vidicon  Response  is  Square  Wave.) 

d.  Video  and  Display  Signal -to -Noise  Ratios.  The  methods  of 
analyzing  the  performance  of  television  camera  tubes  are  derived  in 
Section  V-A-3,  and  the  procedures  described  therein  are  generally  em¬ 
ployed,  with  certain  exceptions  as  will  be  noted.*  Before  proceeding 
further,  please  observe  that  the  contrast  definition  used  herein  will 
be  the  following: 


C 


(E, 


max 


E  .  )/E 
min  '  max 


( V-C-2a) 


And,  since  i  m  „  is  the  signal  produced  by  E  and  i  .  is  the 
s  max  r  1  max  s  min 

signal  produced  by  E  .  ,  C  may  also  be  equated  as  follows: 


Section  V-A-3  represents  recent  work  performed  subsequent  to  the 
analysis  contained  in  this  section,  and  the  analytical  models  de¬ 
rived  therein  are  believed  to  be  more  accurate.  However,  the  er¬ 
rors  resulting  from  the  use  of  the  earlier  model  are  in  most  cases 
within  the  usual  errors  in  making  measurements. 
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The  analysis  that  follows  will  use  the  concept  of  display  signal-to- 
noise  ratio  as  developed  in  Section  V-A-3.  In  this  treatment,  it  is 
assumed  that  the  image  signal-to-noiae  ratio  appearing  on  the  display 
is  identical  to  that  appearing  at  the  output  of  the  retina  of  the  eye, 
if  one  takes  into  account  the  ability  of  the  eye  to  integrate  in  space 
and  time.  This  display  is  presumed  perfect,  a  condition  that  can  be 
approximated  in  practice  by  making  the  display  sufficiently  large  and 
by  incorporating  appropriate  gamma  correction.  The  observer  is  per¬ 
mitted  to  adjust  his  viewing  distance  and  display  brightness  so  that 
he  is  not  acutely  limited  by  either*  display  luminance  or  image  size. 

The  basic  analytical  formulation  used  will  be  that  of  Eq. 
V-A-46,  modified  slightly  to  read: 


SNRD/A  _  [te 
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(V-C-3) 


The  test  pattern  is  presumed  to  be  a  bar  pattern  containing  a  suffi¬ 
cient  number  of  bars  so  that  any  wave-shape  distortions  due  to  system 
transients  are  eliminated,  and  the  bars  are  of  height-to-width  ratio 
r>v.  The  bars  are  also  assumed  to  be  long  enough  so  that  the  sensor's 
modulation  transfer  function  in  the  vertical  is  near  unity.  In  the 
above  equation,  SNR.^^  is  the  display  signal-to-noise  ratio  basec  ->n 
the  image  area,  tg  is  the  integration  time  of  the  eye,  Af  is  the  video 
bandwidth,  a  is  the  horizontal-to-vertical  picture  aspect  ratio,  N  is 
the  spatial  frequency  of  the  bar  pattern  expressed  in  terms  of  the 
number  of  bars  that  can  be  fitted  into  a  picture  height,  and  SNFy  N  c 
is  the  video  signal-to-noise  ratio  measured  (or  calculated)  by  using 
a  bar  pattern  of  frequency  lines/picture  height  and  contrast  C. 
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As  a  further  simplification,  the  bar  height-to-width  ratio 
nv  is  assumed  to  be  a  constant  equal  to  approximately  20.  As  dis¬ 
cussed  in  Section  V-A-3,  the  exact  value  of  nv  is  not  very  critical, 
since  the  resolving  power  of  the  sensor  is  not  a  strong  function  of 
this  ratio.  In  the  following,  the  notation 

SNRp  =  SNR^/n*  (V-C-4) 

will  be  used.  Here,  SNR^  is  identical  to  the  per-element  signal-to- 
noise  ratio  discussed  in  Section  V-A-3. 

Suppose  next  that  the  test  pattern  is  a  sine  wave  rather 
than  a  bar  pattern.  Then  Eq.  V-A-58  applies.  This  equation  is  modi¬ 
fied  by  multiplying  the  numerator  and  denominator  by  the  video  band¬ 
width  &f  and  by  noting  that  Nv  =  nvN^  =  nvN,  so  that  the  equation  be¬ 
comes 


SNRD  =  SNRD/A/nv 


(t  Af/ar  .. 

- 5 -  x 


0.75C  |R  (N) |  i 


(V-C-5) 


s  max 


[0.75(2-0  |R  (N)  |  e  i 


s  max 


Af]^ 


where  |RQ(N) |  represents  the  sensor’s  modulation  transfer  function 
(MTF).  By  analogy  with  Eq.  V-C-3, 
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(V-C-6) 


At  spatial  frequencies  N  larger  than  Nc/3,  where  Nc  is  the  frequency 
at  which  the  MTF  becomes  neg?„igible ,  |RQ(N)|  =  (tt/4)  R^qCN),  where 
Rcn(N)  is  the  square-wave  amplitude  response.  The  result  of  substi- 
tution  in  Eq.  V-C-6  is 
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While  this  equation  is  only  a  good  approximation  for  N  >  Nc/3,  the 
error  at  line  numbers  as  low  as  N^/5  is  not  much  more  than  5  to  10 
percent  in  principle  and  is  probably  loss  in  practice.  The  effect  of 
using  Rg^N)  at  low  line  numbers,  instead  of  the  square-wave  energy 
approach  discussed  in  Section  V-A-3,  is  to  give  a  pessimistic  value 
for  SNRy  ^  £.  In  practice  (for  reasons  not  now  clear),  the  resolution 
predictions  at  low  line  numbers  using  Eq.  V-C-7  tend  to  be  optimistic 
rather  than  pessimistic.  Thus,  the  use  of  the  square-wave  amplitude 
response  rather  than  the  sine-wave  response  (or  MTF)  appears  reason¬ 
able. 

Two  other  approximations  were  made  in  the  earlier  analysis 
on  which  the  calculations  in  this  section  are  based.  One  was  an  as¬ 
sumption  that  the  photoelectron  noise  is  white  rather  than  spatially 
filtered,  as  indicated  in  Eq.  V-C-7.  This  is  of  no  consequence  for 
sensors  that  are  limited  by  preamplifier  noise  rather  than  photoelec¬ 
tron  noise,  and  it  is  of  only  modest  concern  where  the  preamplifier 
noise  is  of  a  magnitude  comparable  to  the  photoelectron  noise.  The 
most  serious  error  occurs  for  tubes  that  are  p'notoelectron-noise 
limited,  such  as  the  I-SEBIR  of  Section  V-F.  Again,  however,  one 
notes  that  the  error  is  proportional  to  only  the  square  root  of  the 
MTF,  which  is  not  a  strong  function.  Also,  in  the  earlier  model,  it 
was  recognized  that  photoelectron  noise  is  spatially  filtered,  and  a 
partial  compensation  was  made  by  dropping  the  (2-C)  term  under  the 
radical  in  the  denominator.  This  has  the  largest  effect  for  images 
of  low  contrast,  where  photoelectron  noise  is  a  more  important  factor 
than  it  is  for  images  of  high  contrast. 

In  spite  of  the  deficiencies  cited  above,  results  calculated 
by  using  the  earlier  model  correlate  well  with  measured  results.  In¬ 
deed,  the  methods  of  measurement  probably  have  more  deficiencies  than 
the  model,  since  manufacturers  have  not  standardized  methods  and 
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procedures  of  measurement,  nor  do  they  provide  any  details  of  the  test 
patterns  and  measurement  procedures  used.  Consequently,  sensors  pro¬ 
duced  by  different  manufacturers  cannot  be  reliably  compared  from 
catalog  data.  Even  with  its  problems,  the  analytical  approach  has 
the  advantage  of  being  consistent  and  correctable. 

Equation  V-C-7  applies  only  to  sensors  that  are  photoelectron- 
noise  limited.  If  other  noise,  such  as  preamplifier  noise,  is  a 
factor,  this  equation  must  be  rewritten  in  the  form 
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where  G  is  the  gain  of  any  signal-amplifying  devices  within  the  camera 
tube  prior  to  the  preamplifier,  IpR  is  the  rms  'preamplifier  noise,  and 
Eq.  V-C-l  is  used. 

In  the  specific  case  of  the  PV  unaided  by  intensifies,  the 
preamplifier  noise  and  the  gain  G  are  unity,  so  that  SNR^  N  c  becomes 
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It  is  quite  common  to  measure  or  calculate  the  video  signal-to-r.oise 
ratio  SIJRy  N  c  at  a  low  spatial  frequency  (~  0)  and  at  unit  contrast. 
The  calculated  result  for  SNR^  N  c  using  Eq.  V-C-9  is  shown  in  Fig, 
V-C-4  for  an  rms  preamplif ier  noise  of  3  x  10  ^  amp  and  a  video  band¬ 
width  of  7.5  MHz.  The  SNRr.  for  images  of  unit  contrast  becomes 
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and  is  plotted  in  Fig.  V-C-5  as  a  function  of  N,  the  spatial  frequency 
for  various  values  of  E^.  The  eye  integration  time  tg  used  is  0.2 
sec,  a  =  4/3,  and  a  =  3.42  ma/watt. 


FIGURE  V-C-4.  Video  Output  Signal -to- Noise  Ratio  Photocathode  irradiance 
Characteristic  for  the  21 .4-mm  Lead-Oxide  and  Intenslfier 
Lead-Oxide  Vidicons  with  a  7.5-MHz  Video  BandwH-h 

It  has  been  experimentally  determined  that  the  SNR^  required 
to  detect  a  bar  pattern  of  the  type  assumed  with  50  percent  probability 
is  approximately  1.2,  as  discussed  in  Section  V-A-3.  Thus,  one  sets 
SHRp  T  =  1.2  and  plots  in  Fig.  V-C-5.  The  intersection  of  the  SNR^ 
obtainable  from  the  sensor  with  the  SNR^  =  1.2  curve  gives  a  value  for 
N  that  is  designated  the  limiting  bar-pattern  resolution. 

Observe  that  the  SNR^ -obtainable  curves  are  plotted  for 
unity  contrast.  For  lower  values  of  contrast,  new  SNR^  curves  should 
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DISPLAY  SIGNAL-TO- NOISE  RATIO/CONTRAST 


50  100  200  300  500  700  1000 

RESOLUTION,  TV  lines/raster  height 


FIGURE  V-C-5.  Display  Signa!-to-Noise  Ratio  Versus  Resolution  for  the  Lead-Okide 
Vidicon  for  Various  Image  Highlight  Irradiances 
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b<*  plotted,  but  instead  it  is  convenient  to  adjust  the  threshold  value 
o:  SN’<t  so  tha^  the  "new  threshold"  becomes 

c’KRjj  T  =  1.2/C  (V-C-ll) 

This  equation  is  plotted  for  various  values  of  C  in  Fig.  V-C-5. 

e.  L _ iting  Bar -Pattern  Resolution.  The  limiting  bar -pattern 

resolution  as  derived  from  Fig.  V-C-5  is  plotted  in  Fig.  V-C-6.  Ob¬ 
serve  that  as  contrast  is  decreased,  image  irradiance  must  be  increased 
by  a  factor  of  1/C  to  maintain  resolving  power  at  the  same  level.  This 
is  characteristic  of  imaging  tubes  that  are  system  or  preamplifier- 
noise  limited  (as  opposed  to  photoelectron-noise  limited). 

f.  Computed  versus  Measured  Results.  The  resolution  versus 
image -irradiance -level  characteristics  are  not  ordinarily  quoted  for 
the  PV.  However,  one  set  of  data  obtained  for  images  of  100  percent 
contrast  shows  the  computed  result  to  be  pessimistic  by  a  constant 
amount  of  30  TV  lines  at  each  irradiance  level.  However,  the  photo¬ 
cathode  of  the  measured  tube  was  considerably  better  (6  ma/watt  versa 
3.42  ma/watt).  If  the  better  photocathode  were  used  in  the  calcula¬ 
tions,  the  computed  results  would  then  be  optimistic.  However,  no 
really  fair  comparison  can  be  made  without  knowing  the  preamplifier 
noise,  upon  which  the  resolution  light-level  characteristic  is  quite 
dependent,  or  the  test  pattern  dimensions.  It  is  felt  that  the  cal¬ 
culated  result  is  probably  within  the  experimental *error  inherent  in 
the  measured  result. 

g.  Lag  Characteristic .  The  current,  most  difficult  data  to  ob¬ 
tain  and  interpret  is  that  of  lag  although  the  lag  is  generally  as 
significant  a  parameter  in  real-time  imaging  as  preamplifier  noise  or 
amplitude  response.  Two  methods  of  specifying  lag  characteristics 
have  recently  been  devised.  The  most  usual  method  is  to  quote  the  lag 
in  terms  of  the  residual  signal  remaining  on  the  third  field  after  re¬ 
moval  of  the  image.  To  be  acceptable  from  a  commercial  broadcast 
viewpoint,  this  residual  should  be  less  than  5  percent,  but  longer  lags 
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are  probably  acceptable  in  industrial  or  military  systems.  The  etfe<-t 
of  lag  is  to  reduce  signal  modulation  for  images  in  motion.  This  re¬ 
duces  resolving  power  in  turn.  Lag  could  probably  be  specified  in  the 
form  of  an  amplitude  response  funct.^n,  but  it  would  be  quite  compli¬ 
cated  to  measure  because  it  is  dependent  on  the  image-irradiance  level. 


io"4  io-3  lcf*  10_1  1.0 


PHOTOCATHODE  1RRADIANCE,  watts/m2,  2854° K 


FIGURE  V-C-6.  Limiting  Resolution  Versus  Photocathode  Irradicnce  for  the  21 .4-mm 
Lead-Oxide  Vidicon  for  Various  Image  Contrasts 
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A  second  way  of  specifying  lag  is  to  measure  limiting  resolu¬ 
tion  versus  irradiance  level  as  the  bar  pattern  is  slowly  moved  across 
the  horizontal  field  of  view. 

The  residual  signal  in  the  third  field  is  shown  as  a  func¬ 
tion  of  phctocathode  irradiance  in  Fig.  V-C-7.  This  curve  is  estimated 
from  current  data,  but,  as  will  be  generally  true,  these  estimates  are 
of  rather  uncertain  reliability.  No  dynamic  limiting  resolution  versus 
irradiance  level  characteristics  are  currently  available  for  the  PV. 


\ 


io'7  uf6  10*5  io'4  10'3  10*2 

PHOTOCATHODE  IRRADIANCE,  woth/m2,  2fa54°K 

FIGURE  V-C-7.  Signal  Lag  Versus  Photocathode  Irradiance  Characteristic  Estimated 
for  the  21 .4-mm  Lead-Oxide  Vidicon  and  the  21 .4-mm  Intensifier 
Lead-Oxide  Vidicon  Combinations 

h.  Form  Factor.  The  Plumbicon©  is  the  most  available  type  of 
lead-oxide  vidicon  (Table  V-C-l).  It  has  been  produced  with  photo- 
cathcdes  of  usable  diameters  of  10,  16,  and  21.4  mm,  and  it  is  under¬ 
stood  that  a  40-mm  tube  may  soon  become  available.  The  smallest 
R 

Plumbicon  is  approximately  0.65  in.  in  OD  by  4.7-in.  long,  and  the 
21. 4-mm  tube  is  approximately  1.2  in.  in  OD  by  7. 5 -in.  long.  In  a 
camera,  the  outside  dimension  will  become  larger  due  to  the  focus  and 
deflection  coils  necessary  to  operate  the  tube. 

2.  Intensifier  Lead-Oxide  Vidicons 

To  achieve  low-light-level  capability,  two  or  more  intensifiers 
must  be  added  to  the  PV,  As  will  be  seen,  two  intensifiers  are  nearly 
sufficient  to  achieve  the  photoelectron-noise -] imited  condition,  but 
it  is  uncertain  whether  lag  is  sufficiently  reduced  thereby.  In 
either  event,  the  intensif ier-aided  PV  is  regarded  as  a  valid  approach 
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TABLE  V-C-l.  TYPICAL  PROPERTIES  OF  PLUMBICONS FOR  NORMAL  OPERATION 

(UNDER  2870°K  ILLUMINATION) 
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to  low-1 ight -level  imaging,  worthy  of  further  field  and  laboratory 
evaluation.  As  far  as  is  known,  this  tube  combination  has  not  yet 
been  extensively  employed  in  either  industrial  or  military  applica¬ 
tions. 


a.  Principles  of  Operation.  Any  number  of  intensifiers  can  be 

coupled  to  the  FV.  If  one  intensifier  is  added,  the  combination  will 

2 

be  designated  the  I-PV,  with  two;  the  combination  is  the  I  -PV,  and 
so  on.  The  apparent  light  gain  due  to  a  single  intensifier  of  unit 
magnification  coupled  to  a  PV  will  be  designated  G^  ^  and  is  equal  to 


GL,IV 


( V-C-12) 


where  aT  and  o„  are  the  photocathode  radiant  sensitivities  of  the  in- 
tensifier  and  lead-oxide  vidicons,  respectively,  and  Gjy  is  the  elec¬ 
tron  gain  of  the  intensif ier-phosphor/lead-oxide  vidicon-photosurface 
combination.  If  tvo  intensifiers  of  unit  magnif ication  are  added,  the 
total  electron  gain  is  equal  to  GE  ^_2  x  G^t,  where  GE  12  is  the 
electron  gain  of  the  intensif ier-phosphor/ intensif ier -photocathode 
combination,  it  being  assumed  that  both  intensifiers  have  equal  photo¬ 
cathode  sensitivities.  The  square-wave  response  of  the  total  tube 
combination  is  the  product  of  the  sine-wave  responses  of  the  individual 
intensifiers  with  the  square-wave  response  of  the  PV. 

b.  Signal  Transfer  Characteristic.  The  apparent  light  gain  due 
to  the  addition  of  a  single  intensifier  of  unit  magnif ication  is  in¬ 
ferred  from  the  experimentally  measured  shift  in  signal  transfer  char¬ 
acteristic,  as  shown  in  Fig.  V-C-2.  In  this  particular  case,  the 
shift  gives  a  gain  factor  of  50.  If  the  intensifier  is  assumed  to 
have  a  photocathode  sensitivity  of  4  ma/watt  and  the  PV  to  have  a  sen¬ 
sitivity  of  3.42  ma/watt,  the  electron  gain  is  about  42.6.  If  two  in¬ 
tensifiers  of  unit  magnif ication  are  added,  the  overall  light  gain  is 
assumed  to  be  2000,  and  for  three  a  value  of  50,000  is  arbitrarily 
taken.  If,  in  addition,  the  input  intensifier  has  a  larger  photocathode, 
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an  additional  light  gain  proportional  to  the  ratio  of  ics  area  to  that 

o 

cf  the  PV  is  obtained.  This  is  illustrated  .'or  the  I* -PV  case  in  Fig. 
V-C-2.  Not?  that,  in  adding  a  zoom  intensifier,  use  will  ordinarily 
be  made  of  an  30/25-mm  or  40/25-mm  intensifier,  but,  because  of  the 
21.4-mm  photocathode,  not  all  of  the  input  photocathode  is  used.  This 
is  only  a  matter  of  current  manufacturing  practice,  however,  and  not 
a  fundamental  limitation. 


c.  Amplitude  Response.  The  sine-wave  response  of  a  single,  a 
double,  and  a  triple  intensifier  is  obtained  in  units  of  TV  lines/ 
raster  height  by  changing  the  scale  of  the  abscissa  of  Fig.  V-B-5. 

This  is  done  by  multiplying  the  number  of  line  pairs/millimeter  by 
twice  the  picture  height  (2  x  0.6  x  21.4  mm,  or  25.6,  in  this  case). 
The  square-wave  response  of  the  combined  sensors  is  obtained  by  mul¬ 
tiplying  the  sine-wave  response  of  the  appropriate  intensif ier(s)  with 
the  square-wave  response  of  the  PV,  with  the  result  as  shown.*  It  is 
seen  that  each  additional  intensifier  has  a  considerable  impact  on 
response . 


d.  Video  and  Display  Signal-to-Noise  Ratio.  The  video  signal- 
to-noise  ratio  for  images  of  low  spatial  frequency  and  unit  contrast 

SNRv  o  i  is  given  by 


If  Rq  ^(N) ,  Rq  2(n)>  •••  are  the  complex  steady  state  frequency  re¬ 
sponses  for  various  linear  sensor  apertures,  and  if  Rcn(N)  is  the 
complex  steady  state  square-wave  response,  then 

RgQ(N)  =  Sq(N)  x  R0>1(N)  x  RQ>2(N)  ... 

=  CSq(N)  R0>1(N)]  x  R0>2(N)  ... 

=  [Sq(N)  R0)2(N)]  X  R0>1(N)  ... 


where  Sq(N)  is  the  Fourier  transform  of  a  square  wave. 
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where  is  as  defined  in  Eq.  V-C-17,  p.  285. 

Overall  light  gain  was  assumed  to  be  2000,  for  which  the  electron  gain 
is  about  1700.  The  specification  in  terms  of  input  photocurrent  is 
quite  convenient  because  it  permits  curves  of  resolving  power  versus 
irradiance  level  to  be  generated  for  other  values  of  photocathode  or 
sensitivity  by  using  Eq.  V-B-2  or  V-B-3.  However,  for  convenience, 
irradiances  corresponding  to  various  values  of  photocurrent  are  tabu¬ 
lated  on  the  figure  for  a  number  of  photocathode  areas. 

e.  Limiting  Bar-Pattern  Resolution.  The  limiting  resolution 
versus  photccathode  irradiance  characteristic  is  derived,  as  previously 
described,  from  Fig.  V-C-8  and  is  plotted  in  Fig.  V-C-9.  For  compari¬ 
son,  the  limiting  resolution  of  the  unaided  PV  is  shown  as  well.  In 
Fig.  V-C-1Q,  limiting  resolution  is  plotted  in  terms  of  lino  pairs/ 
millimeter  versus  irradiance  level  for  two  values  of  contrast.  For 
these  curves,  the  input  intensifier  is  assume’  to  be  of  the  zoom  type 
wherein  the  input  photocathode  area  can  be  varied.  The  use  of  the 
line  pairs/millimeter  scale  is  quite  convenient  because  it  relates  di¬ 
rectly  to  scene  resolving  power  and  range.  If  one  assumes  no  atmos¬ 
pheric  degradation  of  contrast,  vacuum  range  is  equal  to 


R  =  2Xg  NLP  FL 


(V-C-14) 


where  is  the  scene  "ground”  resolution,  N^p  is  the  resolving  power 
in  line  pairs/millimeter,  and  F^  is  the  lens  focal  length  in  milli¬ 
meters. 


It  is  worthy  to  note  that  the  largest  input  photocathode 
provides  some  advantage  in  resolving  power  at  the  very  lowest  scene 
irradiance  levels,  but  the  smaller  photocathodes  previal  over  most  of 
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DISPLAY  SI GNAL-TO- NOISE  RATiO/CONTRAST 


FIGURE  V-C-8.  Display  Signal -to- Noise  Ratio  Versus  Resolution  for  the  Doubie- 
Intensifier  Lead- Chicle  Vidicon  for  Various  Input  Photccathode 
Currents 
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FIGURE  V-C-10.  Limiting  Resolution  Versus  Photocathode  Irradiance  for  the 
Double-lntemifier  Lead-Oxide  Vidicon 
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the  operating  range.  The  main  merit  of  the  larger  photocath  des  is 
that  they  provide  a  larger  field  of  view. 

f.  Computed  versus  Measured  Results.  Measured  results  have  not 
been  obtained  for  intensifier  lead-oxide  tube  combinations. 

g.  Lag  Characteristics.  The  lag  characteristics  for  multiple- 
intensifier  lead-oxide  vidicon  combinations  are  estimated  and  shown  in 
Fig.  V-C-7.  The  method  of  estimation  was  simply  to  shift  the  lag 
characteristic  of  the  PV  by  the  amount  of  the  apparent  light  gain  pro¬ 
vided  by  the  intensifiers  involved.  This  is  probably  optimistic  be¬ 
cause  the  intensifiers  add  lag  of  their  own.  Under  starlight  scene 

irradiance  levels,  sensor  photocathode  irradiance  levels  of  10”^  watt/ 

2  2 
m  would  not  be  unusual.  As  can  be  seen,  the  I  -PV  appears  to  be  mar¬ 
ginal  under  these  conditions,  while  an  I3-PV  would  be  acceptable. 
However,  the  relationships  between  lag,  expressed  as  residual  signal 
versus  irradiance,  and  imaging  of  scenes  in  motion  are  not  well  known. 

h.  Form  Factor.  The  21.4-mm  lead-oxide  vidicon  is  approximately 
7%  in.  long  and  1.2  in.  in  diameter.  Adding  two  25 -mm  intensifiers  . 
will  increase  length  by  about  5  in.  and  outside  diameter  to  2.5  or 

3  in.,  including  the  high-voltage  insulation.  The  use  of  a  zoom  in¬ 
tensifier  together  with  a  25-mm  intensifier  would  add  10.5  in.  in 
length  and  increase  outside  diameter  to  6  in. 

3.  The  Vidicon 

As  previously  stated,  the  term  vidicon  is  restricted  herein  to 
mean  those  tubes  in  which  the  photosurface  is  an  antimony-trisulfide 
photoconductor . 

a.  Principles  of  Operation.  Except  for  the  detailed  photon-to- 
electron  conversion  mechanism  in  the  primary  photoprocess,  the  opera¬ 
tion  of  the  vidicon  is  identical  to  that  of  the  PV.  The  main  differ¬ 
ences  due  to  the  photoconductor  are  that  the  gamma  of  the  vidicon* s 
signal  transfer  characteristic  is  0.65,  the  lag  due  to  the  photo- 
process  is  appreciable,  and  the  dark  current  can  be  quite  large.  The 
vidicon’ s  gamma  of  0.6F  is  sometimes  an  advantage  because  it  increases 
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dynamic  light -latitude  range  and  compensates  somewhat  for  the  larger- 
than-unity  gammas  of  a  cathode-ray  tube  display. 

The  lag  of  a  vidicon  can  be  reduce^  by  making  its  photocon¬ 
ductor  fluffy  and  thus  thicker.  However,  this  decreases  sensitivity 
as  well.  In  some  applications,  the  lag  is  intentionally  made  long  be¬ 
cause  this  increases  the  signal  storage  capability  of  the  surface  and 
permits  slow-scan  operation.  Another  way  to  decrease  lag,  aside  from 
control  of  the  photocathode's  physical  dimensions,  is  by  increasing 
the  voltage  across  the  photocathode.  Actually,  lag  at  a  given  photo¬ 
current  may  increase  somewhat  as  photosurface  voltage  is  increased, 
but  the  increase  in  photosurface  sensitivity  obtained  thereby  usually 
results  in  a  lower  lag  for  a  given  value  of  input  irradiance.  Along 
with  increased  sensitivity,  a  larger  photocathode  potential  results  in 
an  increase  in  dark  current,  which  modulates  surface  nonuniformitiec 
and  decreases  picture  quality. 

b.  Signal  Transfer  Characteristics.  The  vidicon  is  available  in 
a  wide  variety  of  sizes,  but  only  two  \  ill  be  treated  here.  The  most 
common  tubes  available  are  those  with  a  16- am  or  a  25 -mm  input  photo¬ 
cathode  diameter.  The  experimentally  derived  signal  transfer  curves 
are  shown  in  Fig.  V-C-ll  for  two  dark  currents,  two  types  of  face¬ 
plates,  and  two  types  of  photocathode  irradiance. 

A  fiber-optic  faceplate  version  is  available  for  use  in  con¬ 
junction  with  cascaded  intensifies.  The  transmission  of  the  fiber¬ 
optic  faceplate  is  lower  than  that  of  the  usual  glass  faceplate  and 
is  variable,  depending  on  the  type  of  light  incident.  When  the  fiber¬ 
optic  vidicon  is  used  in  conjunction  with  lenses  of  long  focal  length, 
the  incident  radiation  approximates  collimated  light.  When  the  input 
is  the  output  of  an  intensifier  phosphor,  the  incident  radiation  is 
diffuse.  For  a  vidicon  unaided  by  intensif iers,  the  glass  faceplate 
version  is  appropriate  and  will  be  used  here. 

As  can  be  seen,  the  gamma  or  slope  of  the  signal  transfer 
curve  is  less  than  unity  and  variable  with  irradiance,  but  it  ordi¬ 
narily  falls  in  the  Q.6-  to  0.7-range.  The  curves  of  Fig.  V-C-ll  apply 
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equally  to  16-mm  or  25-mm  vidicons,  whereas  one  would  ordinarily  ex¬ 
pect  the  larger  tube  to  produce  a  larger  current  at  a  given  irradiance 
level.  The  tube  designers  have  apparently  elected  to  decrease  sensi¬ 
tivity  as  photoconductor  size  is  increased  to  keep  lag  within  bounds. 


FIGURE  V-C-ll.  Signal  Currant  Versus  Photocathode  Irradiance  Characteristic 
for  the  16-mm  or  25-mm  Vidicon 

The  signal  current  from  the  vidicon,  if  one  assumes  a  con¬ 
stant  gamma  yf  is  given  by  the  relation 

!S  =  *V  H)V/eveh  (V-C-15) 

The  incremental  signal  due  to  two  unequally  irradiated  areas 
is  given  by  * 


4  Is  =  (A,,  <Emax  -  W^Vh 

=  [1  -  U-C)Y]  [Ay  Xv  Emax]Veveh 


(V-C-16) 
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where  use  has  been  made  of  the  contrast  relation  of  Eq.  V-C-2.  In  the 
above  expressions,  is  a  proportionality  constant  related  to  the 
photoconductor’s  sensitivity  and  Ay  is  the  effective  photocathode  area. 

c.  Amplitude  Response.  The  square -wave  response  of  the  16-mm 
vidicon  is  shown  in  Fig.  V-C-12,  and  the  response  for  the  25-mm  tube 
is  shown  in  Fig.  V-C-13.  These  curves  apply  either  to  high-quality 
magnetically  focused  and  deflected  vidicon  cameras  or  to  mixed-field 
types  of  vidicon  of  the  ”FPS”  or  ’'immersed  deflect- on”  types.  The  re¬ 
solving  power  of  the  vidicon  is  seen  to  be  quite  good,  the  primary 
limitation  being  the  finite  diameter  of  the  electron  beam.  In  the 
case  of  the  lead-ox -de  vidicon,  the  photocathode  itself  is  limiting. 

In  using  the  line  pairs/millimeter  scales  shown  for  curves  such  as 
those  in  Fig.  V-C-13,  it  is  important  to  note  that  they  apply  to  re¬ 
solving  power  referred  to  the  input  photocathode  only.  Thus,  the  in¬ 
put  photocathode  diameter  must  be  matched  to  the  appropriate  resolu¬ 
tion  scale. 


i  i  «  ■  i  i  i  i  t  i  t 

0  5  10  15  20  ’5  30  35  40  45  50 

RESOLUTION,  line  pain/mm 


FIGURE  V-C-12.  Uncompensated  Horizontal  Square-Wave  or  Sine-Wave  Response 
for  the  16-mm  Vidicon  and  16/16-mm  Triple  Intensifier  Vidicon. 
Intensifier  Response  is  Sine  Wove;  Vidicon  and  Intensifier  Vidicon 
Response  is  Square  Wave 
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FIGURE  V-C-13.  Uncompensated  Horizontal  Square-Wave  Response  for  the  25-mtn 
Vidicon  and  its  Intensifier  Variants 


d.  Video  and  Display  Signal -to-Noise  Ratio.  The  unaided  vidicon 
is  preamplifier-noise  limited  over  its  entire  operating  range.  Thus, 
the  video  signal-to-noise  ratio  becomes 
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This  ratio  is  plotted  in  Fig.  '-C-14,  in  which  a  video  bandwidth  of 
10  MHz  and  an  rms  preamplifier  noise  of  3  na  are  assumed. 
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FIGURE  V-C-14.  Output  Video  Signal-to-Noise  Ratio  Versus  Photocathode  Irradiance 
Characteristic  for  the  16-mm  or  25-mm  Vidicon 

The  video  signal-to-noise  ratio  is  a  function  of  the  video 
bandwidth,  as  previously  noted,  because  it  increases  the  photoelectron 
and  preamplif ier  noises.  If  both  noises  are  white,  then  the  video 
bandwidth  has  no  effect  on  SNR^  and  no  effect  on  the  resolution- 
irradiance  level  characteristics  so  long  as  the  bandwidth  is  wide 
enough  to  pass  the  signal  frequencies.  This  bandwidth  is  numerically 
equal  to 
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where  a  is  the  horizontal-to-vertical  picture  aspect  ratio,  is  the 
maximum  horizontal  resolution  in  TV  lines/raster  height,  and  Ny  is  the 
number  of  active  scanning  lines.  For  a  conventional  broadcast  TV  sys¬ 
tem,  525  lines  are  scanned  but  only  490  are  active.  The  35-line  loss 
is  due  to  signal  blanking  to  permit  the  introduction  of  synchronizing 
signals  into  the  video. 

As  a  practical  matter,  the  video  bandwidth  does  affect  the 
SNRp  in  some  instances  because  the  preamplifier  noise  is  not  white  but 
is  rather  an  increasing  function  of  frequency.  This  is  a  'suit  of 
the  necessity  of  compensating  for  the  target’s  interelectrode  capaci¬ 
tance.  In  this  report,  two  bandwidths  are  used  mainly  to  show  the  ef¬ 
fect  of  bandwidth  on  video  signal -to -noise  ratio.  However,  the  impact 
of  video  bandwidth  on  the  limiting  resolution  versus  irradiance  level 
calculations  is  comparatively  minor,  particularly  for  cameras  that  ap¬ 
proach  the  photoelectron  noise  limit. 

The  display  signal -to-noise  ratio  for  the  vidicon  is  cal¬ 
culated  as  for  the  PV  but  is  not  shown. 

e.  Limiting  Bar -Pattern  Resolution.  The  limiting  resolution 
versus  irradiance  characteristic  for  the  16-mm  vidicon  is  determined 
from  the  SNR^  calculation  and  is  plotted  in  Fig.  V-C-2  5.  It  is  per¬ 
tinent  to  observe  that  it  is  not  customary  to  report  this  character¬ 
istic  because  of  lag.  Like  limiting  resolution,  lag  is  dependent  on 
light  level.  By  the  time  that  the  image  irradiance  is  increased  suf¬ 
ficiently  to  make  lag  acceptable  for  the  imaging  of  scenes  in  motion 
(above  about  5  x  10  watt/m  ),  the  full  resolving  power  of  the  vidicon 
is  very  nearly  realized.  Thus,  the  resolution  versus  light  level 
characteristic  is  academic  for  all  but  very  special  applications. 

f.  Computed  versus  Measured  Resolution.  The  results  above  were 
computed  for  a  vidicon  of  comparatively  high  resolving  power.  The  only 
dapa  available  to  the  author  were  for  a  standard  "broadcast”  vidicon 
whose  amplitude  response  might  be  expected  to  be  somewhat  below  that 
used  in  the  calculations  (but  very  good,  nevertheless).  As  can  be 
seen  in  Fig.  V-C-16,  fairly  good  correlation  is  observed  at  the  lower 
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line  numbers,  the  departure  at  the  higher  line  numbers  being  undoubt¬ 
edly  due  to  the  broadcast  vidicon’ s  more  limited  spatial  response. 
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FIGURE  V-C-15.  Limiting  Resolution  Versus  Input  Photocathode  Irradiance 
for  the  16-mm  Vidicon  with  0.02  |ia  Dark  Current 


-g.  Lag  Characteristics.  The  third  field  lag  characteristics  for 
the  16-  and  25-mm  vidicon  are  estimated  and  plotted  in  Fig.  V-C-17. 

As  can  be  seen,  the  lag  becomes  excessively  high  with  photocathode 
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FIGURE  V-C-16.  Limiting  Resolution  Versus  Input  Photocathode  Irradiance  —  Comparisc.t 
of  Measured  and  Computed  Performance 
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irradiances  in  the  10  to  10  watt/m  range.  In  Fig.  V-C-15,  we 

note  that  the  vidicon  still  has  substantial  resolving  power  at  ir- 

-4  -3  2 

radiance  levels  of  10  to  10  watt/m  ,  but  this  sensitivity  would 
not  be  usable  when  imaging  scenes  in  motion. 
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FIGURE  V-C-17.  Signal  lag  Versus  Photocathodo  Irradiance  Characteristic 
Estimated  for  Various  Vidicons  and  Intensifier  Vidicons 
with  Ether  16-mm  or  25-mm  Input  Photocathodes  and  Two 
Values  of  Dark  Current 

h.  Form  Factor.  Vidicons  are  manufactured  in  a  wide  variety  of 
configurations  and  sizes.  The  16-mm  versions  are  usually  5  in,  to 

6.5  in.  long  and  1-1/8  in.  in  diameter  while  the  25-mm  versions  are 

7.5  in.  to  8.5  in.  long  and  1.5  in.  to  2  in.  in  diameter. 

i.  Manufacturers  *  Literature .  A  sample  of  manufacturers’  lit¬ 
erature  on  vidicons  will  be  found  in  Chart  V-C-l. 

4.  Intensifier  Vidicon  Cameras 

a.  Principles  of  Operation.  By  coupling  a  sufficient  number  of 
intensifiers  to  a  vidicon  with  a  fiber-optic  faceplate,  low-light- 
level  capability  can  be  achieved.  In  general,  it  will  be  found  that 
the  number  of  intensifiers  needed  to  achieve  an  adequate  l,ag  charac¬ 
teristic  will  be  greater  than  the  number  needed  merely  to  gain  suffi¬ 
cient  sensitivity.  Ordinarily,  at  least  three  intensifiers  will  be 
needed  to  image  moving  night  scenes  irradiated  only  by  natural  sources. 
In  special  applications,  however,  combinations  with  only  one  or  two 
intensifiers  may  be  of  interest.  When  an  intensifier  is  used,  the 
primary  pliotoprocess  becomes  linear  rather  than  sublinear  as  is  the 
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CHART  V-C-l.  A  SAMPLE  OF  MANUFACTURERS'  LITERATURE 

ON  VIDICONS* 


The  units,  definitions,  and  methods  of  measurement 
specified  herein  are  not  necessarily  endorsed  by 
the  authors  but  are  those  used  by  the  manufacturer 
quoted. 


For  table  footnotes  see  page  301. 
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Choose  from  these  Categories 


Focus  and  Deflection  Method 
Magnetic- focus,  magnetic  deflec 
tion  vidicons  provide  highest 
center  and  corner  resolution  but 
require  the  most  electrical  power 
and  result  in  TV  cameras  having 
the  most  weight. 

Magnetic-focus,  electrostatic- 
deflection  vidicons  have  resolution 
capabilities  and  power  require 
ments  essentially  equivalent  to 
those  of  all  magnetic  type  vidi¬ 
cons.  Tubes  having  this  construc¬ 
tion  feature  very  short  overall 
length  compared  with  other  vidi 
con  structures  and  in  this  area 
provides  a  unique  advantage  over 
the  other  types. 


Electrostatic  focus,  magnetic 
deflection  vidicons  have  inter 
mediate  resolution  capability,  re 
quite  intermediate  electrical  power, 
and  find  use  in  compact  light 
weight  cameras. 

Electrostatic  focus,  electrostatic- 
deflection  vidicons  require  the 
least  electrical  power  of  all  vidicon 
structures  and  are  intended  for 
use  in  TV  cameras  that  approach 
the  ultimate  in  package  size  and 
weight.  The  resolution  capability 
of  l.iis  type  vidicon,  however,  is 
usually  less  than  that  of  other  type 
vidicons  when  operating  voltages 
are  the  same 

Separate  Mesh  Electrode 
RCA  Vidicons  are  available  with 


separate  mesh  connection  or  with 
conventional  mesh  connection. 
Separate  mesh  connection  vidicons 
provide  higher  and  more  uniform 
resolution  and  more  uniform  sig 
nal  output  when  operated  at  high 
voltage  than  do  comparable  size 
vidicons  having  mesh  and  wail 
electrodes  connected. 

Heater  Power 

RCA  Vidicons  are  available  with 
conventional  3.8  Watt  Heaters, 
with  1 .9  Watt  Heaters,  and  with 
0.6  Watt  “Dark  Heaters"  for 
transistorized  TV  Cameras. 

Tube  Diameter 

Larger  tube  diameter  provides 
more  TV  lines  per  picture  height. 


Magnetic  Focus 

Magnet  Oaf  ioct  ton  Vid*cont> 

Mafnatic- 

Focus 

Electrostatic- 

Deflection 

VfdMom 

ESaetroetetic-  Focus 
Magnetic- Deflect  ion 
Vidcom 

Electrostatic 

Focus 

Electrostatic 

Deflection 

Vidicons 

i/r 

Diameter 

Typw 

r 

Diamater 

Types 

M/r 

Diameter 

Types 

2" 

Diameter 

Typs. 

4-1/2" 

Diameter 

Typai 

1" 

Diameter 

Type* 

V' 

Diameter 

Types 

1-1/2" 

Diamatsr 

Typas 

V 

Diameter 

Types 

Heeler 

1 

442’ 

2048* 

7262A 

7263A* 

■ 

■ 

■ 

l 

4478 

4500 

7038 

7736 

7735A 

77350 

■43.8W 

C23104 

r&iT— 

8541A 

8573A 

C  23066 
C23136* 

■ 

C2J061A* 
C 23093 

C23073A*» 

4*83  8134 
4494  8134/VI 
4493  8567* 

8480 
8480/ VI 

C 23033 

•40.6V* 

4514* 

•41. 9W 

■ 

8507A 

8S72A 

C74137A* 

43.WI 

*RuggadizadTypa  4  Raturn-Baam  Vidicon  Typ«  II  Vidicon  Assembly  i  Silicon  Ter?'.’  Typs 


Type  numbers  with  prefix  C  • ri  developmental  types.  Each  of  theta  C  number*  identifies  a  particular  laboratory  tuba  desiyn  but  the 
numbtr  and  tha  identifying  data  era  tubject  to  change,  uo  obligations  are  assumed  as  to  future  manufacture  uniats  otherwise  arranged 


Maximum 

Bulb 

Focus- 

Define- 

Photo- 

Overall 

Die 

Type 

Description 

ing 

tion 

con- 

Length 

meterb 

Typical 

Applications 

Remarks 

Method 

Method 

ductor* 

inches 

inches 

High-Performance  Broadcast -Quality  Types 
for  Studio  Film  Pickup  Service 


7038 


•  High  Resistance  to  Image  "Burmin" 
Television  Film  •  Target  Stringently  Controlled  for 

Pickup  8lemishes 

•  Low  Lag 


6.50 


1.020 

+.030 

-.035 


Typical  Oporatil 

Operating 

Mode 

Max.  Target 
Voltage  for 
Indicated 

Dark  Current 
volts 

Dark 

Current 

microampere 

Av.  Sens. 
Min.  Lag 


60 

30 


0.02 

0.004 


8572A  TV  Film  Pickup 


Similar  to  the  7038  But  Has 
Separate  Mesh  Connection 
High  Resolution 


6.375 


1.020 

+.030 

-035 


Av.  Sens. 
Min.  Lag 


60 

30 


0.02 

0.004 


8051 


Television  Film 
Pickup  and  Data 
Transmission 
Service 


Very  High  Resolution 

High  Resistance  to  Image  "Burn-In" 

Separate  Mesh  Connection 


M 


800 


1.50 
+  01 


Av.  Sens. 
Min.  Lag 


50 

30 


0.02 

0.005 


8134/VI 


Transistorized 
Cameras  in  Color 
Film  Pickup 
Applications 


A  Variant  of  the  8134  (pgs  8  and  9) 
Having  Extremely  Stringent  Test 
Criteria  to  Guarantee  High 
Performance  in  Color  Cameras 


6.35 


1.025 

+.003 


High  Sens. 
Av.  Sens. 


60 

48 


0.10 

0.035 


8480 

Transistorized 
Cameras  for 
8roadcast  Film 

•  Low  Deflection  and-Focus  Power 
.  Very  High  Resolution 

E  M  1 

10.375 

1.500 

Av.  Sens. 

60 

0.02 

Pickup  &  Data 
Transm  ission 
Applications 

•  Low  Power  (0.6W)  "Dark  Heater" 

•  Separate  Mesh  Connection 

+.005 

Min.  Lag 

30 

0.005 

8480/VI 


Transistorized 
Cameras  in  Color 
Film  Pickup 
Applications 


A  Variant  of  the  8480  Having  Ex 
tremely  Stringent  Test  Criteria 
to  Guarantee  High  Performance 
in  Color  Cameras 


10  375 


1  500 
+.0C5 


Av.  Sens. 
Min.  Lag 


60 

30 


0.02 

0.005 


Vidicons  for  Live  TV 
and  Industrial  Service 


Non-Critical  Closed -Circuit  Applications 


4478 


Non  Critical  TV 
Systems 


Economy  Priced  Type 
Mechanically  Similar  to 
7735B 


6.50 


1.020 

+.030 

-035 


Av  Sens. 


70 


0.035 


295  „ 


1 

ypical  Operating  Conditions 

Typical  Resolution  at 
Operatina  Lioht  Level 

Max.  Target 
V«1t:je  for 
Indicated 

Dark  Currant 
volts 

Dark 

Current 

microampere 

Signal 

Output 

Current 

micro¬ 

ampere 

Illumination 

Amplitude 
Response  at 
400  TV  Lines 
percent 

Limiting 
Resolution* 
TV  Lines 

Type 

Operatic 

Mode 

On  Tub* 

Faced 

■ootcandles 

On 

Scene* 

footcandles 

>20 

>30 

>35 

Av.  Sens. 
Min.  Lag 

60 

30 

0.02 

0004 

0.4 

0.3 

15 

100 

- 

30 

30 

750 

750 

7038 

>20 

>30 

>35 

Av.  Sens. 
Min.  Lag 

60 

30 

0.02 

0.004 

0.3 

0.3 

10 

100 

- 

60k 

60k 

1100k 

1100k 

8572A 

SO 

Av.  Sens. 

50 

0.02 

0.5 

10 

65 

1500 

8051 

>1 

Min.  Lag 

30 

0.005 

0.5 

50 

65 

1500 

125 

103 

High  Sens. 
Av.  Sens. 

60 

4S 

0.10 

0.035 

0.10 

0.265 

0.1 

1.0 

25 

250 

25 

25 

700 

700 

8134/VI 

1 

Av.  Sens. 

60 

0.02 

0.5 

10 

60 

1*00 

8480 

1 

Min.  Lag 

30 

0.005 

0.5 

50 

60 

1400 

1 

Av.  Sens. 
Min.  Lag 

60 

30 

0.02 

0.005 

0.5 

0.5 

10 

50 

- 

60 

60 

1400 

1400 

8480/VI 

!2°  Av.  Sens.  70  0  035  0,265  1.0  250  -  650  4478 

130 

135 


Maximum 

Bulb 

Focus- 

Detlec- 

Photo- 

Overall 

Dia-  , 

Type 

Description 

ing 

tion 

cotv 

Length 

meterh 

Typical 

Applications 

Remarks 

Method 

Method 

ductor* 

inches 

inches 

Open 

Mod*! 


Vidicons  for  Live  TV  and  Industrial  Service  (contd) 


General  Closed-Circuit  Applications 


7735 


Economy  Priced 
Type  For  General 
Closed  Circuit 
TV  Systems 


•  Good  Sensitivity 

•  Mechanically  Similar 
to  77358 


M  M  II  6.50 


1.020 

+.030 

-.035 


Av.  a 


For  General 

7735A  Closed-Circuit 
TV  Systems 


•  Good  Sensitivity 

•  Low  Lag 

.  Mechanically  Similar 
to  <  7358 


High-Performance  Broadcast  and 
Industrial  Applications 


4427 


Compact.  Transis¬ 
torized  Industrial 
TV  Cameras 


•  Short Diameter  Type 

•  Uses  8mm  Film  Lens  System 

•  Low  Power  (0.6W) 

"Oark  Heater" 


M  M  II 


M  M  ’ll 


6.50 


1.020 

+.030 

-.035 


3.40 


0.520 

+.030 

-.020 


Av.S 


Max.] 

1 


•  Short  Sturdy  T ype 

•  I  Pnn.ar  in  RW\  "I 


7262A 

Live  TV  and  Indus 
trial  T ransistorized 
Cameras 

•  Low  Power  I0.6W)  "Dark  Heater" 

•  Electrical  Characteristics 

Similar  to  the  77358 

•  Low  Microphonics 

M 

M 

II 

5.18 

1.020 

+.030 

-.035 

-2»  > 

I  < 

8573A 

Live  TV  and  Indus 
trial  Transistorized 
Cameras 

«  Similar  to  7262A  8ut'Has 

Separate  Mesh  Connection 

•  High  Resolution 

•  Low  Power  (0.6W)  "Dark  Heater" 

M 

M 

II 

5.18 

1.020 

+.030 

-.035 

1 

•  High  Sensitivity 

J 

High  Quality  Live 

•  Low  Lag 

1.020 

... .  1 

7735B 

TV  and  Industrial 

•  High  Resolution 

M 

M 

II 

6.50 

t.030 

High* 

Cameras 

•  Target  Stringently  Controlled 

-.035 

for  8lemishes 

.  B 

Live  TV  and 

•  High  Resolution  1"  -Diameter  Type 

1.020 

High* 

8507A 

Industrial  Pickup 

•  Separate  Mesh  Connection 

M 

VI 

II 

6.375 

+.030 

Service 

•  Supersedes  8507 

-.035 

Av.  M 

Maximum 

Bulb 

>to* 

Overall 

Dia- 

1- 

Length 

meter* 

tor* 

inches 

inches 

Typical  Operating  Conditions 

Typical  Revolution  at 
Operating  Light  Level 

Type 

Operating 

Mode 

Max.  Target 
Voltege  for 
Indicated 

Dark  Current 
volts 

Dark 

Current 

microampere 

Signal 

Output 

Current2 

micro¬ 

ampere 

Illumination 

Amplitude 
Response  at 
400  TV  Lines 
per  cent 

Limiting 
Resolution* 
TV  Lines 

On  Tube 
Faced 

footcandles 

On 

Scene® 

footcandles 

6.50 

1.020 

+.030 

-.035 

Av.  Sens. 

55 

0.02 

0.15 

(min.) 

1.0 

250 

- 

700 

7735 

6.50 

1.020 

+.030 

-.035 

Av.  Sens. 

40 

0.02 

0.15 

(min.) 

1.0 

250 

- 

700 

7735A 

3.40 

0.520 

+.030 

-.020 

Max.  Sens. 

90 

0.05 

0.08 

0.4 

100 

5 

400 

4427 

5.18 

1 

High  Sens. 

Av.  Sens. 

60 

40 

0.10 

0.02 

0.10 

0.20 

0.1 

1.0 

25 

250 

30 

30 

750 

750 

7262A 

5.18 

1.020 

+.030 

-.035 

High  Sens. 

Av.  Sens. 

60 

40 

0.10 

0.02 

0.10 

0.20 

0.1 

1.0 

25 

250 

60k 

60k 

1100k 

1100k 

8573A. 

6.50 

1.020 
+  .030 
-.035 

High  Sens. 

Av.  Sens. 

-.0 

40 

0.10 

0.025 

0.27 

0.275 

0.5 

1.0 

125 

250 

30 

30 

750 

750 

7735B 

6.375 

1  020 
+.030 
-.035 

High  Sens. 

Av.  Sons. 

60 

40 

0.10 

0.02 

0.10 

0.20 

0.1 

1.0 

25 

250 

60k 

60k 

1100k 

1100k 

8 507  A 

Maximum 

Bulb 

Focus- 

Derive 

Photo- 

Overall 

Dia 

Type 

Description 

inq 

tion 

con- 

Length 

meter*1 

Method 

Method 

ductor* 

inches 

inches 

Typical 

Applications 

Remarks 

Vidicons  for  Live  TV  and  Industrial  Service  (contd) 


High-Performance  Broadcast  and  Industrial  Applications  (contd) 


Operating 

Mode 


8541 A 


T  ransistorized 
Cameras  For  Live 
Scene  and  TV 
Film  Pickup 


•  Low  Heater  Power  Variant 
of  the  8507 A 

•  High  Resolution  V'  Oiameter 
Type 

•  Separate  Mesh  Connection 


6.375 


1.020 

+.030 

-.035 


High  Sens. 
Av.  Sens. 


4493  Chroma  Channels 

4494  of  Live  Pickup 

4495  Color  Cameras 


•  Very  Low  Lay 

•  High  Degree  of  Signal  Uniformity 

•  Precision  Outer-Diameter  Bulb 

«  Low  Power  (0.6W)  "Dark  Heater" 


6.35 


1.025 

+.003 


Av.  Sens. 


8134 


Transistorized 
Cameras  for  Live 
TV,  Industrial,  and 
Color  TV  Service 


Low  Deflection  and  Focus  Power 
'  Low  Power  (0.6W)  "Dark  Heater" 
1  Precision  Outer  Diameter  Bulb 


6.35 


1.025 

+.003 


High  Sens. 
Av.  Sens. 


High-Performance  Vidicons  for  Space, 
Military  and  Special  Industrial  Service 


4500 


Slow  Speed  Scan 
Pickup  Systems  or 
Limited  Motion 
Industrial  TV 


i  Very  High  Sensitivity 
■  Extended  Lag  Characteristics 
i  Interchangeable  in  Cameras  Using 
1"  All  Magnetic  Vidicons 


III 


6.50 


1.020 

+.030 

-.035 


Av.  Sens. 
Slow  Scan 


4514 


4542 


8521 


Space,  Military,  and 
Special  Industrial 
(For  government 
end  use  only) 


,  Ruggedized 

•  Separate  Mesh  Connection 
i  Precision  Outer-Diameter  Bulb 
i  1.9  Watt  Heater 


Weather  Radar  and 
High  Sensitivity 
Signal  Storage 
Systems 


Industrial  TV 
Cameras 


•  Very  Long  Lag 

•  Separate  Mesh  Connection 

•  Low  Power  (0.6W!  "Dark  Heater" 


E  E  II 


M  M  IV 


•  Very  High  Resolution 

•  Separate  Mesh  Connection 

•  High  Sensitivity 


5.81 


6.375 


M  M  II 


8.0 


1.013 

+  .002 


1.020 
+  .030 
-.035 


1.50 
+  .01 


Av.  Sens. 


High  Sens. 


High  Sens. 
Av.  Sens. 


299  —  2  O  O 


>?0 

| 

>30 

High  Sens. 

60 

0.10 

0.10 

0.1 

25 

60k 

1100k 

8541A 

>35 

Av.  Sens. 

40 

0.02 

0.20 

1.0 

25C 

60k 

1100k 

1.020 

+.030 

Av.  Sens. 

25 

0.005 

0.4 

1.0 

25 

20 

600 

4500 

-.035 

Slow  Scan 

30  typ. 

0.008 

0.07' 

0.25  fc  s' 

50k 

1.013 

+.002 

Av.  Sens. 

50 

0.02 

0  20 

1.0 

250 

750 

4514  i 

1.020 

+.030 

-.036 

High  Sens. 

65 

0.02 

0.2 

0.1 

25 

60 

1000 

4542 

1.50 

High  Sens. 

60 

0.10 

0.1 

25 

65 

1500 

8521 

+.01 

Av.  Sens. 

35 

0.02 

■ 

1.0 

250 

65 

1500 

Maximum 

Bulb 

Focus 

Deflec 

Photo- 

Overall 

Oia- 

Type 

Description 

ing 

t«on 

con- 

Length 

meterb 

Method 

Method 

doctor® 

inchei 

inches 

Typical 

Applications 

Remarks 

Tvd 


Max.  Target 
Voltage  for 
Indtrrtad 
Deck  Current 
volts 


High-Performance  Vidicons  for  Space,  Military 
and  Special  Industrial  Service  (cont  d) 


8480 


Transistorised 
Cameras  for  Broad 
cast  Film  Pickup 
and  Data  Transmit 
sion  Applications 


•  Low  Deflection  and  Focus  Power 

•  Very  High  Resolution 

•  Low  Power  (0.6W)  "Dark  Heater" 

•  Separate  Mesh  Connection 


10.375 


1.500 

+.005 


Av.  Sens. 
Min.  Lag 


60 

30 


2048 


Space,  Military,  & 
Special  Industrial 


•  Short  Ruggedized  Type 

•  Special  Target  Connector 

<  Precision  Outer  Diameter  Bulb 

•  Low  Power  (0.6W)  “Dark  Heater" 


M 


5.214 


1.025 

+.003 


Max.  Sens. 
Av.  Sens. 


100 

60 


Space,  Military,  & 
7263 A  Special  Industrial 
T  ransistor  ized 
Cameras 


•  Short  Ruggedized  Type 

•  Electrically  Similar  to  the  7262A 

•  Low  Power  (0.6W)  "Dark  Heater” 


5.18 


1.020 

+.030 

-.035 


High  Sens. 
Av.  Sens. 


60 

40 


Space.  Military 
4503A  and  Special 
Industrial 


•  Short  Ruggedized  Type 

•  High  Sensitivity 

•  Low  Lag 

•  Low  Power  (IX  .V)  Heater 


5.25 


1.025 

+.003 


High  Sens. 
Av.  Sens. 


60 

40 


Space,  Military,  &  •  Ruggedized 

8567  Industrial  Transit-  •  Precision  Outer-Diameter Bulb 

torized  TV  C  >meras  •  Low  Power  (0.6W)  "Dark  Heater" 


6.35 


1.025 

+.003 


High  Sens. 
Av.  Sens. 


60 

40 


eFor  spectral  response  characteristics  and  description  of  specified  photoconductiva  surface,  sea  page  14.  Tha  scanned  area  of  the  photocon 
due :  ve  surface  for  1/2"  ,  1"  ,  and  1  1/2"-diameter  vidicons  is  0.24"  x  0.18",  1/2"  x  3/8”,  and  3/5”  x  4/5".  respectively.  However,  scenned 
area  lor  typa  4542  is  5/8'  x  5/8". 

•/Maximum  diameter  of  ter  get  flange  for  1/2”-,  1"  ,  and  1-1/2"  diamaier  vidicons  is  0.574",  1.135"  and  1.60",  respectively. 

/-Defined  as  tha  component  of  highlight  terget  current  after  the  dark  current  component  has  been  substracted. 

/•indicated  values  of  illumtnelion  are  those  required  to  obtain  optimum  signal  from  tha  tube.  Velues  of  illumination  t/tOof  those  indicated  will 
still  produce  a  picture  of  usabla  quelity 

*  Assumes  a  'ans  setting  of  f  5  6.  e  lens  transmission  of  80%,  and  that  highlight  scene  raf  lactance  is  60%. 


•  The  resolution  capebilily  of  ell  1 
focusing  coil  current  and  deflect^ 

OThese  characteristics ara  measure! 

For  type  4493  IRadlJ 
For  type*;  494  (Gr» 
For  typa  1495  IBIuel 

h  Response  to  a  1 25  TV  line  sguari 

1  For  a  field  tima  of  2  seconds.  no| 

•/Values  are  for  high  voltage  tube  f 


-  ioV 


301 


Typical  Operating  Conditions 

Typical  Rasolution.it 
Operating  Light  Laval 

Type 

Operating 

Mode 

Max.  Target 
Voltage  for 
Indicated 

Dark  Current 
volts 

Dark 

Current 

microampere 

Signal 

Output 

Current* 

micro¬ 

ampere 

Illumination 

Amplitude 
Response  at 
400  TV  Lines 
per  cent 

Limiting 
Resolution* 
TV  Lines 

On  Tube 

Faced 

footcandlet 

On 

Scene* 

footcandlet 

Av.  Sens. 

60 

0.02 

10 

- 

60 

1400 

84  U0 

Min  Lag 

30 

0  005 

U 

50 

60 

1400 

Max.  Sens 

100 

0.20 

0.3 

2 

30 

750 

2048 

Av.  Sens. 

60 

0.02 

0.3 

10 

30 

750 

High  Sens. 

60 

0.10 

0.10 

0.1 

25 

30 

750 

7263A 

Av.  Sens. 

40 

002 

0.20 

1.0 

250 

30 

750 

High  Sens. 

60 

0  10 

0.10 

0.1 

25 

60k 

1100k 

4503A 

Av  Sens. 

40 

0.02 

0.20 

1.0 

250 

60k 

1100k 

High  Sens 

60 

010 

0  10 

01 

25 

25 

700 

8567 

Av.  Sens. 

40 

002 

020 

10 

250 

25 

700 

f  The  resolution  capability  of  all  vidicons  may  be  increased  by  operating  the  tubes  at  vo’tegos  up  to  the  maximum  ratings  and  by  increasing  the 
focusing  coil  current  and  deflecting- coil  power 

9  These  character.stics  are  measured  using  the  following  standard  optical  filters,  or  equivalent 

For  type  4493  {Red!  -  Written  No.  25  (A)  with  2  Fish  Shurman  No.  IR650 

For  type  4494  (Green)  -  Written  No.  58  with  1  Fish  Shurman  No  IR650 

For  type  4495  (Blue)  -  Wratten  No.  47  with  1  Fish  Shurman  No.  IR650 


■  Response  to  a  125  T  V  line  square  wave  test  pattern  with  1/4"  x  3/16”  scan  raster. 
1  For  a  field  time  of  2  seconds,  non- interlaced. 
k  Values  are  for  high  voltage  tube  operation. 


Selected  Characteristic  Curves 


Spectral  Response  Curves 


Photoconductor  II 

Vidicons  employing  this  high  sensitivity,  low-lag 
photoconductor  are  intended  for  use  in  low-light 
level  live  TV  pick  up  service. 
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Photoconductor  Ml 

This  high  sensitivity  photoconductor  has  extended 
lag  characteristics.  Vidicons  employing  this  material 
are  intended  for  slow  scan  TV  pick  up  service  and 
applications  where  scene  motion  is  limited. 
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Photoconductor  IV 

This  high-sensitivity  photoconductor  has  very  long 
lag  characteristics.  Vidicons  employing  this  material 
are  intended  for  signal  storage  applications  such  as 
the  telecasting  ol  radar  displays. 
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UNCOMPENSATED  HORIZONTAL  PEAK-TO-PEAK  RESPONSE  TO  A 
SOU AR E-WAV E  TEST  PATTERN  AT  CENTER  OP  PICTURE  -  PER  CENT 
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case  for  the  vidicon  alone.  The  vidicon  surface  still  imparts  a  gamma 
to  the  signal  transfer  characteristic,  but  its  effect  is  that  of  a 
nonlinear  amplifier. 

b.  Signal  Transfer  Characteristic.  The  signal  transfer  charac¬ 
teristics  assumed  for  the  various  intensifier  vidicon  combinations  are 
shown  in  Fig.  V-C-18.  The  apparent  light  gain  assumed  for  one  stage 
of  intensifier  is  45.  For  two  stages  the  gain  is  1800,  and  for  three 
stages  45,000.  The  photoca^hode  radiant  sensitivity  is  taken  to  be 
4  x  10  3  amp/watt. 


FIGURE  V-C-18.  Signal  Current  Versus  Photocathode  Irradiance  Characteristic 
for  the  16-mm  and  25-mm  Vidicons  with  their  Intensifier 
Variants 


For  quantitative  purposes,  the  signal  current  for  the  in¬ 
tensifier  vidicon  may  be  written  by  noting  that  the  main  effect  of  the 
intensifiers  is  to  increase  the  irradiance  on  the  vidicon.  The  new 
apparent  value  is  equal  to 

Ev  =  TC  •  get  •  T  ■  Gw  V  <v-c-18> 

V  0 
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where  A../Ay  is  the  ratio  of  intensifier  photocathode  area  to  vidicon 
photocathode  area,  and  GET  is  the  electron  gain  at  the  various 
intensif ier-phosphor/intensif ier-photocathode  interfaces.  The  quantity 
G-j.^  refers  to  the  apparent  gain  at  the  intensif ier-phosphor/vidicon- 
photocathode  interface  with  an  intensifier  of  radiant  sensitivity 
equal  to  aQ  amp/watt,  and  is  the  radiant  sensitivity  of  the  inten¬ 
sifier  photocathode  actually  used.  With  this  understanding,  the  signal 
output  current  may  be  written  as 

IS  “  |*V  ^  GET  "ST  GIV  ElJ  *  (V-C-19) 


To  express  this  in  terms  of  the  intensifier  photocurrent,  we  note  that 

i  =  ov  A,  E_,  so  that 
s  II” 


(V-C-20) 


The  gain  of  the  tube  combination  is  obtained  by  setting  the  output 
current 


so  that 


i  /e  e, 
s'  v  h 


( V-C-21) 
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Thus,  gain  is  a  function  of  the  photocurrent  itself.  It  is  assumed 
that  the  gain  nonlinearity  introduced  thereby  does  not  appreciably 
alter  the  noise  statistics. 

c.  Amplitude  Response.  The  amplitude  response  for  a  16 -mm  triple - 
stage  intensifier  vidicon  (I^-V)  is  shown  in  Fig.  V-C-12,  and  the  re¬ 
sponses  of  the  25 -mm  single,  double  and  triple  intensifier  vidicons 
(I-V,  I2-V,  end  I^-V)  are  shown  in  Fig.  V-C-13.  The  25-mm  intensi- 
fior’s  amplitude  response  is  comparable  to  that  of  the  25-mm  vidicon. 
Thua,  a  single  intensifier  significantly  decreases  the  overall  ampli¬ 
tude  re's^jonse  of  the  vidicon  camera.  With  three  intensif iers,  the 
intensifiers  themselves  are  primarily  limiting  for  amplitude  response. 

d.  Video  and  Display  Signal-to-Noise  Ratio.  The  video  signal - 
to-noise  ratio  for  the  intensifier  Vidicon  may  be  written  as 


SNRV,N,C 


[l-(l-C)Y]  .  RgQ(N)  •  G  is/eveh 
[G2  e  if  is/eveh  +  T^J1 


(V-C-22) 


where  the  terms  are  as  before  except  that  G,  the  overall  sensor  gain, 
is  as  defined  in  Eq.  V-C-21. 

The  video  signal-to-noise  ratios  for  the  various  intensifier 
vidicon  combinations  are  shown  in  Fig.  V-C-19  as  functions  of  input 
intensifier  photocurrent.  Observe  that  the  16-mm  I-V  provides  a  larger 
signal  current  for  a  given  photocurrent  than  does  the  25-mm  I-V.  This 
is  a  consequence  of  the  16-mm  vidicon’ s  higher  photoconductor  effi¬ 
ciency.  Recall  that  the  25-mm  vidicon  photocathode  sensitivity  was 
sacrificed  for  a  decreased  lag.  With  two  intensifiers,  the  16-mm 
vidicon  becomes  photoelectron  noise  limited,  and  the  25-mm  vidicon 
becomes  nearly  so.  The  only  reason  for  adding  a  third  intensifier, 
then,  is  to  decrease  lag. 
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FIGURE  V-G-19.  Signal  Current  Versus  Input  Photocathode  Current  for  Intensifier 
Vidicons.  Video  Bandwidth  is  10  MHz 

The  display  signal-to-noise  ratios  are  shown  for  a  16-mm 
triple  intensifier  vidicon  in  Fig.  V-C-20  and  for  a  25-mm  triple  in¬ 
tensifier  vidicon  in  Fig.  V-C-21. 

e.  Limiting  Bar-Pattern  Resolution.  The  limiting  resolution 
versus  irradiance  characteristic  for  25-mm  intensifier  vidicon  com¬ 
binations  are  shown  in  Fig.  V-C-22.  The  25/25-mm  I-V  is  seen  to  be 
preamplifier  noise  limited,  since  additional  performance  can  be  ob¬ 
tained  by  adding  more  intensif iers .  The  25/25-mm  I-V  is  very  close 
to  being  photoelectron  noise  limited  and  has  a  maximum  resolving  power 
in  excess  of  700  lines.  With  three  intensifiers,  maximum  resolving 
power  drops  to  the  550-line  level.  As  a  rule  of  thumb,  if  the  25-mm 

vidicon  becomes  marginally  unacceptable,  from  a  lag  viewpoint,  at  5  x 

~2  2  -3  2  2 

10  watt/m  ,  then  the  I-V  becomes  marginal  at  10  watt/m  ,  the  I  -V 

-5  2  3  -6  2 

at  2.5  x  10  watt/m  ,  and  the  I  -V  at  10  watt/m  .  However,  the  lag 

characteristics  are  somewhat  variable  from  tube  to  tube,  depending  on 

the  tradeoffs  made  by  the  manufacturer. 
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DISPLAY  SI GNAL-TO- NOISE  RATIO  CONTRAST 


RESOLUTION,  TV  lines/raster  height 


FIGURE  V-C-20.  Display  Signal-to-Noise  Ratio  Versus  Resolution  for  the  16-mm 

Triple  Intensifier  Vidicon  for  Various  Input  Photocathode  Currents 
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DISPLAY  SIGNAL-TO-NOiSE  RATIO/CONTRAST 


S 3-18-71 -39  RESOLUTION,  TV  lines/raster  height 


FIGURE  V-C-21 .  Display  Signal-to-Noise  Ratio  Versus  Resolution  for  the 
Triple  Intensifier  Vidicon  for  Various  Input  Photocurrents, 
Using  a  25 -mm  Vidicon  TV  Pickup  Tube 
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Limiting  resolution  versus  input  photocurrent  is  shown  in 
Fig.  V-C-23  for  the  16-  and  25-mm*  triple  intensifier  vidicons .  Lim¬ 
iting  resolution  versus  photocathode  irradiance  is  shown  in  Fig.  V-C-24. 


FIGURE  V-C-23.  Limiting  Resolution  Versus  Input  Photocathode  Current  for  the 
Triple-lntensifier  Vidicons  at  Various  Image  Contrasts.  Solid 
Curves  Apply  to  Tubes  with  25-mm  Vidicons;  Dashed  Curves  to 
Tubes  with  16-mm  Vidicons 

f.  Computed  versus  Measured  Results.  Only  two  sets  of  data  are 
available  for  the  triple  intensifier  vidicon  version.  These  results 
are  compared  to  those  computed  in  this  section  in  Fig.  V-C-25.  As  is 
usually  the  case  herein,  the  calculations  apply  to  a  typical  assumed 
tube  and  not  to  the  tube  actually  measured.  In  most  cases,  the  tubes 
measured  will,  however,  have  parameters  not  far  different  from  those 
used  in  the  calculations ,  and  thus  fairly  good  correlation  is  obtained. 

g.  Lag  Characteristics.  The  third-field  lag  characteristics  are 
estimated  in  Fig.  V-C-17  for  the  various  intensifier  vidicon  combina¬ 
tions.  The  second  method  of  specifying  lag  effects  are  to  measure 
limiting  resolution  as  the  pattern  is  slowly  moved  across  the  horizontal 


A  16-mm  tube  is  normally  called  a  1-in.  vidicon;  a  25-mm  tube  is 
normally  called  a  1^-in.  vidicon. 
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FIGURE  V-C-24.  Limiting  Resolution  Versus  Photocothode  Irradiance  for  Various 
Triple  Intensifier  Vidicons  at  Two  Contrasts 


FIGURE  V-C-25.  Limiting  Resolution  Versus  Input  Photocathode  Irradiance  —  Comparison 
of  Measured  and  Comput'd  Results  for  the  16-mm  and  25-mm  Triple 
Intensifier  Vidicons  with  100  Percent  Image  Contrast 


field  of  view.  The  effect  of  such  pattern  motion  on  the  resolution 

irradiance  level  characteristic  is  shown  in  Fig.  V-C-2S  for  the  16-mm 

3  3 

I  “V  and  in  Fig.  V-C-27  for  the  25-mm  I  -V,  for  two  pattern  speeds  ii. 

each  case. 


INPUT  PHOTOCATHODE  IRRADIANCE,  wotti/m2,  2854°K 

FIGURE  V-C-26.  Limiting  Resolution  Versus  Input  Photocathode  Irradiance 
as  a  Function  of  Bar-Pattern  Speed  Across  the  Horizontal 
Reid  of  View  for  the  16-mm  Triple  Intensifhr  Vidicon 

h.  Form  Factor.  While  the  vid icons  are  not  large,  length  is 
substantially  increased  by  the  three  intensifies  required  to  achieve 
acceptable  low-lag,  low-light -level  imaging.  The  length  increase  with 
16-mm  intensifies  will  be  approximately  5  in.,  and  with  25-mm  inten¬ 
sifies  it  will  be  7.2  in.  With  an  80/25-mm  zoom  intensifier,  length 
is  increased  by  12.8  in. 
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INPUT  PHOTOCATHODE  IRRADIANCE,  wotts/m2,  2854°K 

FIGURE  V-C-27.  Limiting  Resolution  Versus  Input  Photocathode  Irradiance 
as  a  Function  of  Bar-Pattern  Speed  Across  Horiionta! 

Field  of  View  for  the  25-mm  Triple  Intensifier  Vidicon 

D.  THE  SECONDARY  ELECTRON  CONDUCTION  CAMERA  TUBE  AND  ITS 
INTENSIFIED  VERSION 

The  typical  secondary-electron-conduction  (SEC)  television  camera 
tube  consists  of  a  diode  imaging  section,  with  u  photoemitter  at  one 
end  and  the  SEC  target  at  the  other,  and  an  electron-scanning -beam 
readout  section  similar  tc  that  used  in  a  vidicon.  When  the  photo¬ 
emitter  is  an  S-20  surface,  the  SEC  camera  is  characterized  bv  moder¬ 
ate  sensitivity,  good  resolving  power,  low  image  lag,  and  simplicity 
of  operation.  This  camera  tube  was  developed  in  the  early  1960’s, 
and  in  its  intensifier  version  it  has  been  the  principal  camera  tube 
used  in  low-light-level  cameras  from  1965  to  the  present. 
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The  intensifier  SEC  (I-3EC)  camera  approaches  the  sensitivity  of 
the  intensifier  image  orthioon  (I-IO)  described  in  Section  V~E,  is  of 
lower  lag,  and  is  much  simpler  to  operate,  since  it  needs  no  adjustment 
over  the  full  range  of  its  light  transfer  characteristic.  The  promi¬ 
nent  feature  of  the  SEC  camera  tube  is  its  SEC  target,  which  has  high 
gain,  high  signal  storage  capability,  and  low  lag,  which  permits 
imaging  of  both  stationary  and  moving  scenes.  Information  losses  in 
the  neighborhood  of  bright  scene  highlights  due  to  halation  or  "bloom¬ 
ing,"  though  still  a  problem,  are  minimized  in  this  target.  Because 
of  the  long  signal  storage  capability  of  the  target,  the  SEC  camera 
can  be  used  to  integrate  low-light-level  images  for  extended  periods 
or  can  be  used  in  slow-scan  applications.  The  SEC  target,  in  current 
tubes,  is  subject  to  damage  by  extreme  exposure  to  about  the  same  de¬ 
gree  as  the  thin-film-targeted  image  orthicon  (10),  but  both  tubes  can 
be  electronically  protected  in  most  cases.  However,  a  new  mesh- 
supported  SEC  target  has  now  been  developed  that  is  many  factors  of 
10  less  vulnerable  to  overexposure  damage. 

1.  The  Secondary-Electron-Conduction  Camera  Tube 

a.  Principles  of  Operation.  A  typical  SEC  camera  tube  is  shown 
schematically  in  Fig.  V-D-l.  "’he  most  common  tubes  employ  electro¬ 
statically  focused  image  sections  and  magnetically  focused  and  de¬ 
flected  reading  beam  sections.  However,  as  is  generally  the  case, 
many  other  versions  are  possible  and  are  even  available  in  some  cases. 
SEC  camera  tubes  have  been  constructed  with  all-magnetic  image  and 
read  sections  and  with  hybrid  magnetic/electrostatic  read  sections. 

The  SEC  camera  tube’s  semitransparent  photocathode  is  de¬ 
posited  on  the  inner  surface  of  the  plano-concave,  fiber-optic  face¬ 
plate  in  the  version  of  Fig.  V-D-x.  As  in  the  case  of  the  image  in¬ 
tensifier,  the  photoemitter  emits  photoelectrons  when  irradiated. 
Instead  of  being  accelerated  to  a  phosphor,  however,  the  photoelectrons 
are  accelerated  to  the  SEC  target,  where  they  are  brought  to  focus  by 
the  electrostatic  lens  formed  between  the  photocathode  surface  and  the 
anode  cone , 
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FIGURE  VO-! .  Cross  Section  of  or  SEC  Camera  Tube 

The  SEC  target  consists  of  a  supporting  membrane  of 
approximately  500  l  thick,  followed  by  a  500  A  layer  of  aluminum  that 
forms  the  signal  electrode.  Deposited  on  this  and  facing  the  reading 
gun  is  a  highly  porous  layer  of  KC<t.  The  KC-t  layer  is  stabilized  at 
the  electron-gun  cathode  potential  by  the  electron  scanning  beam,  and 
an  electric  field  is  established  across  the  layer  by  biasing  the  signal 
electrode  positively. 


Photoelectrons  arriving  at  the  target  with  energies  of  ap¬ 
proximately  8  kev  penetrate  the  and  A-t  layers  and  dissipate  most 

of  their  energy  within  the  layer  by  creating  free  secondary  electrons. 
These  electrons  are  released  into  the  vacuum  interstices  between  the 
KC-t  particles,  where  they  migrate  in  vacuum  toward  the  signal  plate. 
The  electron  conduction  takes  place  in  the  vacuum  rather  than  the 


conduction  band  of  the  KC-t,  which  avoids  the  persistence  effects  caused 
by  the  trapping  and  subsequent  release  of  charge  carriers  by  shallow 
trapping  centers.  Also,  because  of  the  high  resistivity  of  the  low- 
density  target,  the  charge  pattern  can  be  stored  for  long  periods  of 
time. 

The  function  of  the  SEC  target  is  to  amplify  and  to  store 
the  electron  image  during  the  period  between  successive  scans  by  the 
electron  beam.  The  electron  gain  within  the  target  is  approximately 
100,  and  the  storage  time  is  very  long  compared  to  the  usual  frame 
rates.  The  video  signal  is  developed  directly  across  the  target  lead 
resistor  as  the  electron  beam  replaces  charge  on  the  target  point  by 
point. 

The  low-velocity  electron  beam  that  scans  the  target  is  pro¬ 
duced  by  an  electron  gun  consisting  of  an  indirectly  heated  thermionic 
cathode,  a  control  grid  Gl,  and  an  accelerating  grid  G2.  The  beam  is 
focused  at  the  target  by  the  combined  action  of  the  uniform  magnetic 
field  of  the  external  coil  and  the  electrostatic  field  of  focus  elec¬ 
trode  G3.  A  field  mesh  G4  provides  a  uniform  decelerating  field.  A 
second  mesh  electrode  G5,  des:  gnated  a  suppressor  mesh,  is  positioned 
close  to  the  target  surface  to  control  the  SEC  target  potential  to 
just  below  the  KC-t  "crossover"  potential  of  about  15  volts.  In  the 
absence  of  this  mesh,  the  target  exhibits  a  "runaway"  characteristic 
by  charging  up  to  the  G4  potential  of  400  volts.  The  maximum  resolving 
power  of  the  SEC  target  is  limited  by  the  interaction  of  the  beam  with 
the  suppressor  mesh  rather  than  by  the  SEC  target  itself. 

b.  Signal  Transfer  Characteristics .  The  main  difference  between 
the  vidicon  and  the  SEC  camera  tube,  from  a  signal  current  viewpoint, 
is  that  the  SEC  target  provides  a  gain  GT  such  that  the  signal  current 
output  becomes 

-  ®T  Veveh  • 
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The  signal  output  current  is  plotted  against  photocathode  irradiance 
for  several  SEC  cameras  in  Fig.  V-D-2.  The  gamma  of  the  curves  is 
shown  to  be  nearly  unity,  although  in  practice  ic  is  variable  from 
nearly  1  at  low  light  levels  to  about  0.6  at  the  higher  light  levels. 
This  gamma  is  due  to  a  variation  in  target  gain.  At  the  highest  ir¬ 
radiance  levels,  the  target  saturates  at  a  surface  potential  equal  to 
that  of  the  suppressor  mesh  G5.  In  the  curves  shown,  a  hard  ’'knee”  in 
the  signal  transfer  characteristic  is  shown,  although  in  fact  the 
characteristic  is  more  rounded.  The  hard-knee  assumption  does  not  ap¬ 
preciably  affect  the  calculations.  A  soft  knee  is  considered  desirable 
in  a  real-time  system  because  it  extends  dync”iic  range,  while  at  the 
same  time  limiting  signal  excursion.  With  the  SEC  icge  section  oper¬ 
ated  at  maximum  potential,  prolonged  exposure  at  irradiance  levels 
above  the  knee  should  be  avoided  because  of  the  possibility  of  image 
burn-in.  However,  larger  irradiances  can  be  tolerated  by  reducing  the 
photocathode  voltage.  This  can  be  made  automatic  by  peak-detecting 
the  video  signal  and  using  the  resulting  signal  to  reduce  image  sec¬ 
tion  voltage.  Dark  current  in  the  SEC  tube  is  practically  nonexistent. 
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FIGURE  V-D-2.  Signal  Current  Versus  Photocathode  Irradiance  Characteristic 
for  the  SEC  and  Intensifier-SEC  Cameras  as  a  Function  of 
Input  Photocathode  Diameter 


FIGURE  V-D-3.  Relative  SEC  Target  Gain  Versus  Photocathode  Voltage 


The  SEC  target  gain  is  proportional  to  the  photocathode 
voltage,  as  shown  in  Fig.  V-T)-3.  The  SEC  camera  gain  can  also  be  in¬ 
creased  by  increasing  target  voltage,  but  practical  limits  ^o  maximum 
voltage  are  imposed  by  the  onset  of  target  grain  and  lag.  At  lower 
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voltages ,  some  degree  of  control  can  be  exercised,  but  only  at  the  ex¬ 
pense  of  maximum  signal  storage  capability  and  overall  dynamic  range. 
However,  effective  gain  control  can  be  obtained  with  photocathode 
voltage  control.  Over  a  range  of  3.5  to  7.5  kv,  a  15-to-l  gain  con¬ 
trol  range  can  be  obtained  without  loss  in  resolution,  but  with  an 
image  rotation  of  about  1  deg  at  the  lower  voltage.  At  even  lower 
voltages,  image  rotation  increases  as  well  as  target  gain. 

The  SEC  target  gain  is  obtained  by  solving  Eq.  V-D-l  for  GT: 


.  Vh  Ts 
T  '  op  A  Ej 


(V-D-2) 


Target  gain  for  a  typical  real  SEC  tube  is  plotted  in  Fig.  V-D-4.  As 

can  be  seen,  the  SEC  target  gain  falls  off  with  increasing  photocathode 

-3  2 

irradiance.  The  droop  shown  above  5  x  10  watt/m  is  characteristic 
of  a  rounded  knee  rather  than  the  hard  knees  shown  in  Fig.  V-D-2, 
which  would  really  correspond  to  an  abrupt  drop  t j  zero  gain. 


FIGURE  V-D-4.  Absolute  Target  Gain  for  a  Typical  40-mm  SEC  Camera  Tube 
Versus  Photocuthode  Irradiance 
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The  maximum  signal  current  capability  for  the  various  SEC 
cameras  is  mainly  a  function  of  the  SEC  target  diameter,  to  which  tar¬ 
get  capacitance  is  directly  proportional.  A  large  target  is  desirable 
from  two  viewpoints:  first,  the  signal  storage  capability  is  increased 
and  second,  the  amplitude  response  is  improved  because  the  target -mesh 
assembly  is  the  primary  resolution  limiting  parameter.  However,  the 
larger  target  has  a  greater  interelectrode  capacitance,  which  leads  to 
an  increase  in  preamplifier  noise  and  a  larger  capacitance,  which  leads 
to  an  increase  in  readout  time  constant. 

In  Fig.  V-D-2,  a  number  of  knees  are  shown.  The  particular 
knee  to  use  depends  on  the  camera  tube  type  and  its  target  diameter. 

The  WL30691,  for  example,  has  a  16-mm  target  and  a  maximum  signal  cur¬ 
rent  of  1.5  x  10-7  amp,  while  the  WX31223  has  a  40-mm  target  and  a 
signal  current  maximum  of  about  4.5  x  10  7  amp.  Ordinarily,  the  in¬ 
crease  in  signal  current  should  be  directly  proportional  to  target 
diameter,  but  the  designer  has  some  latitude  in  trading  lag  with  other 
parameters  such  as  target  gain. 

The  parameters  of  the  five  most  commonly  used  SEC  camera 
tubes  to  be  discussed  herein  are  given  in  Table  V-D-l.  Note  also  that 
the  rms  preamplifier  noises  are  also  estimated  in  this  table  for  the 
various  tubes,  a  7.5-MHz  video  bandwidth  being  assumed  for  the  WL30691 
and  a  10-MHz  bandwidth  for  the  others. 

•c.  Amplitude  Response.  The  square-wave  response  of  the  various 
SEC  cameras  are  shown  in  Figs.  V-D-5  and  V-D-6.  Observe  that  the 
WX31381  is  shown  as  having  both  a  25-  and  a  40-mm-diameter  input  pho¬ 
tocathode.  This  is  accomplished  by  incorporating  an  electronic  zoom 
feature  within  the  image  section  of  this  tube.  In  the  zoom  mode,  the 
input  photocathode  diameter  used  is  reduced,  but  the  full  target  diame¬ 
ter  is  scanned.  Since  the  principal  amplitude-response-limiting 
factors  are  associated  with  the  scanned  target  area,  the  amplitude 
response  is  shown  to  be  the  same  in  both  the  1:1  and  1.5:1  zoom  cases 
when  expressed  in  terms  of  TV  lines/raster  height  (but  not  line  pairs/ 
millimeter).  The  amplirude  response  of  both  the  SEC  and  I-SEC  cameras 
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has  been  found  to  be  independent  of  light  level  over  the  range  of  light 
levels  for  which  the  characteristic  is  measurable. 


TABLE  V-D-l.  PHYSICAL  CHARACTERISTICS  OF  VARIOUS  SEC  CAMERAS 


SEC 


Tube 

Type 

WL30691 

Photocathode 
Diameter,  mm 

Target 

Diameter, 

mm 

Image 

Section 

Focus 

Estimated 
RMS  Preamp. 
Noise,  na  . 

Max.  Tube 
Diameter, 
in. 

Max.  Tube 
Length , 
in. 

25 

16 

ES* 

3.0 

2.85 

8.6 

WL30893 

25 

21.6 

ES 

4.5 

2.85 

9.1 

WL30654 

40 

25 

ES 

5.0 

4.03 

13.5 

WX31223 

40 

40 

M** 

5.5 

3.12 

16.9 

WX31381 

40  or  25 

33 

ES 

6.0 

4.1 

13.9 

* 

ES  =  electrostatic 

** 

M  =  magnetic 
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0  5  10  15  20  25  30 

RESOLUTION,  line  poirs/mm 

S3- 18-71 -50 


FIGURE  V-D-5.  Uncompensated  Horizontal  Square-Wave  Response  for  SEC  Cameras 
with  25-mm  Input  Photocathodes 
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0  100  200  300  400  500  600  700  800  900  1000 

RESOLUTION,  TV  llnes/raster  height 
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0  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20 

RESOLUTION,  line  pain/mm 

S3- 1 8-7 1 -51 

FIGURE  V-D-6.  Uncompensated  Horizontal  Square-Wave  Response  for  SEC  Cameras 
with  40-mm  Input  Photocathodes 

d.  Video  Signal -to -Noise  Ratio.  The  only  noise  of  consequence 
for  the  SEC  is  the  preamplifier  noise,  except  at  the  very  highest  light 
levels,  where  photoelectron  noise  has  a  small  but  discernible  effect. 
The  video  signal-to-noise  ratio  is  given  by 


SNRV,0,1  = 


GT  Veveh 

_ - — «tr 

T2  T2  * 

e  +  pa 


(V-D-3) 


°T  ls/eveh 
\gI  e  Af  i  „ 


where  Tg  is  the  mean  square  photoelectron  noise  and  the  other  terms  are 
as  previously  defined.  The  signal  and  noise  currents  for  the  SEC  cam¬ 
era  are  plotted  in  Fig.  V-D-7  and  the  signal-to-noise  ratio  is  plotted 
in  Fig.  V-D-3.  The  SNRy  q  ^  curves  are  quite  closely  spaced.  Such 
spacing  as  exists  is  due  mainly  to  the  preamplifier  noise. 
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FIGURE  V-D-7.  Peak -To- Peak  Video  Signal  and  RMS  Noise  Output  Currents 
Versus  Input  Photocathode  Current  for  Various  SEC  and 
lntens?fier-SEC  Cameras 

The  display  signal-to-noise  ratio  is  determined  as  before 
and  is  plotted  in  Figs.  V-D-S  through  V-D-12. 

e.  Limiting  Bar-Pattern  Resolution.  The  limiting  rerolution 
versus  the  input  photocathode  currents  and  irradiances  are  determined 
from  the  various  SNR^/C  curves  and  are  plotted  in  Figs,  V-D-13  through 
V-D-24.  Note  once  again  that  when  resolution  is  expressed  in  line 
pairs/millimete:  the  scale  corresponding  to  the  input  photocathode 
diameter  must  be  used.  The  appropriate  diameter  to  associate  with  any 
tube  type  is  given  in  Table  V-D-l. 


FIGURE  V-D-9.  Display  Signal-to-Noise  iatio  Versus  Resolution  for  the  WL30691 
and  WL30893  SEC  Cameras  for  Various  Input  Photocathode  Currents 
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DISPLAY  SIGNAL-TO-NOISF.  RATIO 


FIGURE  V-D- 10.  Display  Signal -to-Noise  Ratio  Versus  Resolution  for  the  WX31381 
SEC  Cameras  in  either  the  1 :1  or  1 .5:1  Zoom  Made  as  a  Function 
of  ir.put  Photocathode  Current 
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DISPLAY  SIGNAL-TO-NOISE  RATIO 


FIGURE  V-D-ll .  Display  Signal-to-Noise  Ratio  Versus  Resolution  for  the  WL30654 
SEC  Camera  as  a  Function  of  Input  Photocathode  Current 
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DISPLAY  SIGNAL-TO-NOISE  RATIO 


700 


332 


mm 


FIGURE  V-D-14.  Umiting  Resolution  Versus  Photocathode  Irradiance,  Contrast  100%, 
for  the  WL3Q691  and  WL30893  SEC  and  Intensifier-SEC  Cameras 
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for  Various  Image  Contrasts 


FIGURE  V-D-19.  Limiting  Resolution  Versus  Photoccthode  Irradiance,  Contrast  100%/ 
for  the  WX31381  SEC  and  Intensifier-SEC  Cameras 
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FIGURE  V-D-20.  Limiting  Resolution  Versus  Photocathode  Irradiance,  Contrast  30%, 
for  the  WX31381  SEC  and  Intensifier— SEC  Cameras 
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PHOTOCATHODE  IRUADIANCE,  watts/m2,  2854°K 


FIGURE  V-D-  Limiting  Resolution  Versus  Photocathode  Irradiance,  Contrast  100%, 
for  the  WL30654  and  the  WX31223  SEC  and  Intensifier-SEC 
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FIGURE  V-D-24.  Umiting  Resolution  Versus  Input  Photocathode  Current  for  the  WX31223 
SEC  and  Intensifier-SEC  Cameras  for  Various  Input  Image  Contrasts 


i 


343 


f.  Computed  versus  Measured  Results.  The  computed  versus  meas¬ 
ured  results  correlate  quite  closely  for  the  SEC  cameras.  One  result 
is  shown  cor  the  WL30691  in  Fig.  V-D-25.  The  small  discrepancy  ob¬ 
served  is  probably  due  to  a  somewhat  larger  preamplifier  noise  in  the 
real  system  than  was  estimated  in  the  analysis. 


i 

I 

FIGURE  V-D-25.  Limiting  Resolution  Versus  Photocathode  Irradiance.  Comparison 
of  Computed  Versus  Measured  Performance  for  the  WL30691  SEC 
Camera 

g.  Lag  Characteristics.  The  residual  signal  versus  photocathode 
irradiance  curves  are  plotted  in  Fig.  V-D-26.  Lag  is  shown  in  terms 
of  a  range  of  values.  In  general,  tubes  with  larger  photocathodes 
have  larger  targets  and  are  therefore  laggier,  but  th~y  are  also  more 
sensitive,  so  that  when  lag  is  plotted  against  irradiance  level  the 
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RESIDUAL  SIGNAL  IN  THIRD 
FIELD,  %  of  initial  signal 


differences  tend  to  cancel  out.  The  dynamic  resolution  versus  photo¬ 
cathode  irradiance  curves  are  shown  in  Fig.  V-D-27  for  two  pattern 
speeds. 


PHOTOCATHODE  IRRADIANCE,  weft  s/m2,  2854°K 


FIGURE  V-D-26.  Signal  Lag  Versus  Phctocathode  Irradiance  Characteristic 
for  Various  SEC  and  l-SEC  Cameras 
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PHOTOCATHODE  IRRADIANCE,  wam/m2  ,  2854° K 


FIGURE  V-D“27.  Umiting  Resolution  Versus  Photocathode  Irradiance  as  Function 
of  Time  for  Bar  Pattern  to  Traverse  the  Horizontal  Field  of  View. 
(Results  are  Typical  of  a  WX30691  SEC  Camera) 
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h.  Form  Factor.  The  form  factors  for  the  variouc  tubes  are  given 
in  Table  V-D-l. 

2.  The  Intensifier  Secondary-Electron-Conduction  Camera 

With  a  single  additional  intensifier,  the  SEC  camera  approaches 
the  photoelectron  noise  limits  at  low  light  levels,  and  the  lag  is  re¬ 
duced  to  an  acceptable  degree.  If  it  were  readily  obtainable,  an  ad¬ 
ditional  gain  of  between  3  and  5  would  be  desirable.  A  second  inten¬ 
sifier  would  provide  an  additional  gain  of  30  to  40,  which  would  be 
more  than  enough,  but  the  loss  in  image  quality  and  amplitude  response 
far  outweighs  the  advantage  due  to  increased  gain. 

a.  Principles  of  Operation.  The  additional  intensifier  is  di¬ 
rectly  coupled  to  the  SEC  camera  by  means  of  the  fiber-optic  endplate 
on  the  phosphor  and  the  fiber-optic  faceplate  of  the  SEC  camera.  Since 
the  SEC  target  is  held  at  near  ground  potential,  the  intensifier  face¬ 
plate  is  at  -  23  kv  when  operated  at  maximum  sensitivity.  Special 
precautions  to  avoid  arcing  to  the  lens  must  be  exercised  in  all  cur¬ 
rent  low-light -level  cameras,  including  the  I-SEC.  It  was  previously 
noted  that  the  light -level  latitude  can  be  increased  by  about  10  to  15 
by  controlling  the  image  section  voltage  on  the  SEC.  An  additional 
factor  of  10  to  15  can  be  obtained  by  control  of  the  intensifier  volt¬ 
age,  for  an  overall  increase  of  100  to  200.  By  allowing  a  10:1  latitude 
in  highlight  irradiance  in  the  SEC  camera,  a  total  light -level  latitude 
of  1000  to  2000  can  be  accommodated. 

In  the  following,  it  will  be  assumed  that  the  added  intensi¬ 
fier  will  provide  an  electron  gain  of  40  and  will  have  a  photocathode 
radiant  sensitivity  of  4  x  10  ^  amp/watt.  Intensifiers  having  unit 
magnification  and  zoom  capability  will  be  considered. 

b.  Signal  Transfer  Characteristics.  The  signal  transfer  char¬ 
acteristics  of  the  various  I-SEC  cameras  are  shown  in  Fig.  V-D-2.  The 
light  gain  due  to  an  intensifier  of  unit  magnification  is  equal  to  the 
product  of  the  electron  gain  and  the  ratio  of  intensifier  to  SEC  photo¬ 
cathode  sensitivity.  This  is  taken  to  be  50.  When  a  "zoom"  or  "mini¬ 
fying"  intensifier  is  used,  an  additional  light  gain  equal  to  the  ratio 
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of  intensifier  to  SEC  photocathode  area  is  obtained  as  shown.  Thus, 
the  signal  current  expression  becomes 


xs  =  gl  gt  VVh 


GI  GT  ai 


*1 


eveh 


( V-D-4) 


"  GI  GT  xsl/eveh 


where  Gr  is  the  electron  gain  due  to  the  intensifier,  G„,  is  the  SEC 
target  gain,  and  Aj  are  the  intensifier’ s  radiant  sensitivity  and 
effective  photocathode  area,  respectively,  and  Cy  4  Ay  are  the  cor¬ 
responding  quantities  for  the  SEC  camera. 

c.  Amplitude  Response.  The  square-wave  response  for  the  various 
I-SEC  cameras  are  shown  in  Fig.  V-D-28  for  SEC  cameras  with  25 -mm  input 
photocathodes  and  in  Fig.  V-D-29  for  SEC  cameras  with  40-mm  photo¬ 
cathodes.  The  intensifier  photocathode  areas  can  be  equal  to  or  larger 
than  the  SEC  photocathode  areas.  Note  that  the  line  pair/millimeter 
scale  applies  only  to  the  intensifier’ s  photocathode. 

d.  Video  and  Display  Signal- to-Noise  Ratio.  The  video  signal- 
to-noise  ratio  at  unit  contrast  and  for  patterns  of  low  spatial  fre¬ 
quency  is  equal  to 
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FIGURE  V-D-28.  Uncompensated  Horizontal  Square-  or  Sine-Wave  Response  of  l-SEC  Ccmeras 
with  25-mm  Phosphor- Photocathode  Interface  Diameters.  (Intensifier  Response 
is  Sine  Wave;  l-SEC  Response  is  Square  Wave) 
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FIGURE  V-D-29.  Uncompensated  Horizontal  Square-  or  Sine-Wave  Response  for  the  l-SEC 
Cameras  with  40-mm  Phosphor-Photocathode  Interfaces,  (intensifier 
Response  is  Sine  Wave,  l-SEC  Response  is  Square  Wave) 


The  various  signal  and  noise  currents  are  plotted  in  Fig.  V-B-7.  It 
is  seen  that  photoelectron  noise  becomes  predominant  for  photocurrents 
above  about  10  ^  amp.  The  video  signal-to-noise  ratios  are  plotted 
in  Fig.  V-D-8  and  the  display  signal-tc-noise  ratios  are  plotted  in 
Fig.  V-D-30  through  V-D-32. 

e.  Limiting  Bar-Pattern  Resolution.  The  limiting  resolution 
versus  photocathode  current  and  ir radiance  curves  are  shown  in  rigs. 
V-D-13  through  V-B-24.  As  can  be  seen,  the  performance  of  the  SEC  is 
considerably  extended  to  the  lower  irradiance  levels  by  the  added  in- 
tensif ier . 

f.  Computed  versus  Measured  Results.  The  computed  versus  meas¬ 
ured  results  are  shown  for  the  WL306S4  I-SEC  in  Fig.  V-D-33  and  for 
the  WX31223  I-SEC  in  Fig.  V-B-34.  The  results  at  high  contrast  are 
quite  close,  while  low-contrast  analytical  predictions  are  pessimistic. 
This  is  characteristic  of  the  analysis  and  stems  mainly  from  the  fact 
that  noise  filtering  by  the  apertures  in  the  camera  tube  is  only  par¬ 
tially  taken  into  account. 

g.  Lag  Characteristics.  The  third-field  residual-signal  lag 
characteristics  are  shown  for  the  various  I-SEC  cameras  in  Fig.  V-D-26. 
The  dynamic  resolution  versus  photocathode  irradiance  curves  are  shown 
for  the  40-mm  WL30654  T-SEC  in  Fig.  V-B-35.  With  ambient  lighting  in 

the  quarter-moon-to-starlight  range,  the  corresponding  photocathode 

-5  -7 

irradiance  will  be  approximately  10  to  5  x  10  .  It  can  be  readily 

seen  that,  at  the  lower  irradiance  levels,  any  appreciable  scene  mo¬ 
tion  can  result  in  a  resolution  loss.  In  practice,  it  has  been  found 
that  I-SEC  cameras  do  provide  significant  capability  at  starlight 
levels,  but  some  degradation  due  to  lag  is  observable. 

h .  Form  Factor.  A  25 -mm  intensifier  adds  approximately  2  in. 
to  the  overall  length  of  the  camera -head  assembly  and  nothing  to  the 
diameter,  An  80-mm  intensifier  adds  8  in.  to  the  length,  and  its 
6-in.  diameter  becomes  the  maximum  camera-head  diameter, 

i.  Manufacturers*  Literatu...  A  sample  of  manufacturers’  litera¬ 
ture  on  SEC  camera  tubes  will  be  found  in  Chart  V-D-l. 
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DISPLAY  SIGNAL-TO-NOISE  RATIO 
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FIGURE  V-D-30.  Display  Signal -to-Noise  Ratio  Versus  Resolution  for  the  WL30691 
and  WL30893  Intensifier-SEC  Cameras  as  a  Function  of  Input 
Photocathode  Current 
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FIGURE  V-D-31 .  Display  Signnl-to-l  Joise  Ratio  Versus  Resolution  for  the  WX31381 

Intensifier  SEC  Cameras  as  a  Function  of  Input  Photocathode  Current 
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DISPLAY  SIGNAL- TO-NOISE  RATIO 


FIGURE  V-D-32.  Display  Signal-to-Noise  Ratio  Versus  Resolution  for  the  WL30654 
and  WX31223  Intensifier  SEC  Cameras  for  Various  Input 
Photocathode  Currents 
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LIMiTING  RESOLUTION,  TV  linevWer  height 
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FIGURE  V-D-34.  Limiting  Resolution  Versus  Photocathode  Irradiance  —  Comparison 
of  Computed  and  Measured  Performance  for  the  WX31223  plus 
80/40-mm  Intensifier  SEC  Camera 
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CHART  V-D-l.  A  SAMPLE  OF  MANUFACTURERS'  LITERATURE 
ON  SEC  CAMERA  TUBES 


The  units,  definitions,  and  methods  of  measurement 
specified  herein  are  not  necessarily  endorsed  by 
the  authors  but  are  those  used  by  the  manufacturer 
quoted . 
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QiMfi)  03wri(Mton 

Tha  WX-398M  la  a  rcaled-up  verelon  of  tha 
WL-3W81  HC  camara  tuba,  ita  larger  format 
provider  gnatar  unaltMtv.  totaar  revolution, 
and  a  largar  tlgnaVtoawlaa  redo  without  oom- 
promieing  othar  parfor manor  fotira'ai.  Tha 
noual  fefvre  of  tha  HX-30M4  widen  diatift- 
guiahee  H  and  othar  MFC  camara  tubaa  from 
oon^ntfonul  cfrufc  tufati  it  tht  Stvmdvy 
Electron  Conduction  B£C)  nrsat.,l'Th  la  tar¬ 
get  hat  high  gain.  aacaHant  atomge  praperdee 
and  Ntalnt  only  a  vary  maH  percentage  of  Ita 
Rond  ai«Rd  attar  •  ainjla  tom  of  tin  wtdlof 


frrr-f  of  ttw  unlqua  prrpt**1—  of  tha  8CC  conridMioot  for  ttw  raacttng  fun  ara  BinUor  thus  dimkmbf  ttw  prowrn  nioawity  of 

target,  tha  WX-309M  la  date  to  oparata  oaar  a  to  thaaa  for  a  atandard  1H*  afMnagnmieald-  mttching  three  or  four  conventional  camara 

vary  «*lda  range  of  anane  Mlumlnatlone  and  aa-  h»n-  luhahla  dtflaoMon  yohat  and  focua  colla  tybaa.  It  may  ato  ha  uaad  In  doaad  circuit 

Mbltt  excellent  aanahMtyarlth  moving aa  wall  are  commercially  aaMla.  tdeviaion  ayatama  fur  tha  remote  visaing  of 

aa  with  atadanary  aaanaa.  LnaaMaad  raglona  of  -dimly  IMumiruaad  tcanaa.  Tha  rtoram  and 

a  acana  which  are  auffiewntiy  blight  to  uauat  _  Integration  cheractartrlce  parmH  Ita  uaa,  for 

aaturation  do  not  produce  hehu'on  or  bloom-  Tha  WX-309B4  area  eMgned  for  appllaationa  example,  In  narrow  bandwidth,  alow  man 
ing  ao  that  Information  from  wrretunding  ra-  where  iha  Hmltatlone  of  conventional  camera  ayatama  and  art  ragraaantatlva  of  tha  vewatHIty 

giona  la  not  ebaorad.  Tha  aacaHant  am  rage  tubaa  (for  axampla,  tha  peril  •senna  and  lower  which  makaa  tha  WX-30S94  auitabia  lor  a 

charactarlatloa  of  the  MC  target  enable  ttw  In-  aneitivity  of  tha  vMcon  or  tha  oparatlohal  wide  range  of  tctomlffc  and  mdueuial  appllca- 

tagration  of  low  light  lavaMmagat  lor  extended  comptolty  and  lower  dynamic  range  of  the  dona, 

parlodi  of  lima.  Tha  WW-309M  alao  parforrna  Image  orthkonl  afthar  compiomlaa  perform- 

wall  at  dow  acanning  rataa  a  waN  aa  at  tha  a r~  or  Impoa  unaooaptabla  ayatama  require-  The  WX-3CMM  may  be  uaad  directly  with  an 

normal  earning  rata  of  30  framat  par  eacend.  manta.  Il  may  be  uaad.  for  axampla,  In  a  color  optical  lane  tyaaam,  or  may  be  flbar-opticahy 

htievtdon  camara  where  Ita  high  aendtivtty  par-  coupled  to  an  image  tnaanaHlar  in  order  to 

The  alactroatatlc  image  taction  remaine  In  fo-  mHa  raduead  Wudio  lighting  and  aHowa  night-  achieve  remote  viewing  at  extremely  low  Hght 

euefdratiphotocethorjevofcagaaandalneethe  time  outdoor  hraadeaatlng  at  normal  atadhim  lavela.  Alternatively  tha  WX-3068A  may  be 
aanaithrltv  of  tha  tuba  variaa  with  photooath-  levete  of  Illumination.  The  low  lag  character!#,  f  toer-opticalty  couple,  to  a  auitabia  Image 
eda  voKaga,  thk  feature  pravidaa  a  convenient  tic  of  tha  WX-309M  makaa  poatibla  a  field  converter  to  permit  detection  of  X  or  UV 

mean!  for  gain  control.  Scan  power  and  voltage  eaqvant'al  color  comarc  udng  a  tingle  tuba,  radiation  aa  wan  aa  near  Infrared  redfetion. 

September  10M 

hupanedw  TO  #0*50  dated  laptamber  27,  ie«a 
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FIGURE  I 


Principles  ol  Operation 

The  WX  30664  SEC  cimna  tub*  is  schema!  ' 
icplly  iflustr  ltd  in  F igure  1.  It  consists  ol  an 
alactrostaticaily  locuaad  dioda  image  taction 
a  Secondary  Electron  Conduction  (SECI  targst 
and  a  magnetically  focusad  and  deflected  reed 
ing  section  Tlw  sami  transparent  S  20  plioto 
enthod"  it  dapositad  on  tha  innar  surface  of 
the  piano -concave  fiber  optic  faceplate  An 
optical  imepe  locuaad  onto  tha  plans  surface 
of  tha  Tibet  optic  faceplate,  is  conveyed  to  the 
photocathode  where  photoelectront  art  emit¬ 
ted  from  tha  illuminated  areas  of  tha  imaga  in 
direct  proportion  to  tha  amount  of  incident 
radiation. 

Tlw  photoelectrons  at  a  accelerated  towards 
tha  SEC  target  where  they  era  brought  to 
focus  by  tha  electrostatic  lens  formed  between 
tha  photocathode  surface  and  tha  anode  cone. 
As  the  electron  image  is  transferred  from  the 
pholocarhode  surface  to  tha  target,  it  is  re¬ 
duced  in  tin;  the  magnification  it  approx- 
imataly  USA 

Tha  SEC  target  consists  of  a  supporting  mem¬ 
brane  of  AIjO,  approximately  500  A  thick 
followed  by  a  BOO  A  layer  of  aluminum,  which 
forms  tha  signal  alectroda.  Deposited  on  this, 
and  facing  tha  reading  gun,  is  a  highly  porous 
layer  of  KCI  -  By  applying  a  positive  potential 
to  tha  aluminum  signal  Plata  and  stabilising 
the  potential  of  tha  KCI  aurfaoi  at  approx¬ 
imately  gun  cathode  potential,  (by  scanning 
the  KCI  surface  with  the  low  velocity  electron 
beam),  an  electric  field  can  be  established 
across  tha  KCI  layer. 

Photoelectrons  arriving  at  tha  target  with  en¬ 
ergies  of  approximately  8  kaV  penetrate  tha 
AIjO,  and  Al  layers  and  dissipate  most  of 
their  energy  within  tha  KCI  layer  by  generating 
secondary  electrons.  An  important  faaturs  of 
tha  SEC  target  is  tha  release  of  secondary 
electrons  into  the  vacuum  Interstices  between 
tha  particles  of  KCI .  Under  tha  Influence  of 
the  Internal  electric  field  the  secondary  elec¬ 
trons  migrate  in  vacuum  towards  the  signal 
plate.  Conduction  of  tha  secondary  electrons 
therefore,  takas  piece  in  vacuum  and  not  in 
conduction  band  of  tha  KCI,  thus  avoiding 
tha  persistence  effects  caused  by  tha  trapping 
and  subsequent  rale  ear  of  charge  carriers  by 
shallow  trapsring  canters.  Tha  movement  of 
electrons  within  tha  KCI  layer  towards  the  sig¬ 
nal  plate  creates  a  positive  charge  pattern 
which,  in  special  distribution  and  intensity, 
corresponds  to  tha  optical  image  focusad  onto 


tha  tube  tap  its  Because  of  tha  high  resistiv¬ 
ity  of  tha  low  density  target,  tha  charge  pattern 
can  be  Store*-  for  long  periods  of  lime. 

Tha  charging  of  tha  KCI  layer  is  periodically 
Interrupted  by  tha  scanning  beam,  which  re¬ 
turns  tha  KCI  to  gun  cathode  potential  by 
depositing  electrons  on  tha  positively  charged 
areas.  This  currant  pulse,  constituting  tha  video 
signal,  is  capacitively  coupled  to  the  signal 
Plata.  Tha  currant  flowing  in  tha  signal  plats 
is  used  to  develop  a  voltage  across  a  load 
resistor  which,  after  amplification,  can  be  uaxd 
to  product  a  video  -lure  on  a  television 
monitor  in  tha  usual  manner. 

Tha  u-w  velocity  electron  beam  which  scam 
tha  t  rget  is  produced  by  an  electron  gun 
consisting  of  sn  Indirectly  heated  thermionic 
cathode,  a  control  grid  (Oil,  and  an  accel¬ 
erating  r'd  (02).  Tha  beam  it  focused  at  the 
surface  of  tha  tergal  „y  tha  combined  action 
of  ‘.ho  uniform  magnetic  field  of  an  external 
coil  and  tha  electrostatic  field  of  G3.  A  field 
mash  (04)  senes  to  provide  a  uniform  decel¬ 
erating  electrostatic  field  to  the  target. 

A  second  math  alectroda,  GS  (suppressor 
mash)  is  positioned  dose  to  the  terpt  surface. 
Tha  purpose  of  this  math  is  to  control  tha 
potential  of  tha  SEC  target.  It  is  normally 
operated  at  a  potential  just  below  tha  “cross 
over"  potential  for  KCI  (approximately  15 
volts) .  Alignment  and  deflection  of  tha  beam  is 
accomplished  by  transverse  magnetic  fiekb 
produced  by  external  coils.  (Sea  Figure  1). 


herfar manta  Data 

Spectral  Response  and  Sensitivity 
The  WX  30664  employs  an  8-20  photosurf  ace 
deposited  in  a  dark  clad.  lOpen  fiber  diameter, 
fiber  optic  faceplate.  A  typical  spectral  re¬ 
sponse  tor  this  feceplate-photoeurface  com¬ 
bination  is  slxxsm  in  Figure  2.  Tha  peak  quan¬ 
tum  effkdenca  ranges  from  If  to  20%  and  falls 
within  the  wavelength  Interval  of  4200  to 
aaooA. 

The  high  quantum  efficiency  of  tha  S-20 
photocathodv  and  tha  high  gain  of  tha  SEC 
target  provides  a  typical  sensitivity  of  120|iA/ 
fc,  minimum  BOfiA/fc,  at  a  facer,. ate  illumina¬ 
tion  of  10  3  fc  ISae  Figure  3).  Since  tha 
optical  imaga  sin  is  090"  x  128  this  cones- 
rands  to  a  typical  sensitivity  of  1 4.00tylA/lm. 

Light  Transfer  Characteristic 
The  light  transfsr  characteristics  of  tha  WX- 
30664  are  shown  in  Figure  3.  Tha  gamma 
varies  from  neatly  one  at  tower  light  levels  to 
ibaut  0.6  m  light  leveleof  from  10~ 3  to  10~ J 
fc.  At  higher  light  levels,  the  target  saturates 
at  a  surface  voltage  essentially  retire!  to  that  of 
the  suppressor  mash  IG9I.  Although  this  pro¬ 
vides  a  "knee"  in  tha  transfer  curve,  tha  light 
levels  associated  with  tha  "knee"  may  cause 
imaga  “burn-in"  after  prolonged  exposure  (see 
paragraph  titled  "Maximum  Exposure  Lav- 
ala").  However,  tha  tuba  may  be  safely  op¬ 
erated  at  this  and  higher  light  leveta  by  reducing 
tha  pbotocsthoda  voltage. 
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The  tronifw  function  of  Figure  3  eppll>s  fora 
etandord  1/30  MCdnd  frame  rets.  628  tin* 
intarloetd  ncin  with  both  tin  phnuoiltodi 
and  targn  voltagea  admitted  (or  optimum  pot- 
formanca.  Under  Pm  condition!  tnt  tub* 
Mill  provide  i  typical  high-light  dpnol  eunont 
of  326  nA  (minlmufn  200  nA  for  extended  per- 
MW  Udngaaultable  preamplifier  (no action 
titled  "SyrtemCondderatlone"!  the  signal  cut- 
tort  ptovfoM  o  peek  dgnal  to  rma  node  title 
of  About  70.  Thj  equivetont  vbuel  slgnM-to- 
noiM  rttfo*1*  b  About  200  Of  46  db.  Tho»  Op- 
nol-to-noMo  totlot  corraapsnd  tu  u  dynamic 
nnpo  extending  ovot  two  ordon  uf  mopnltudo 
In  II0U  bvoi. 

Tbo  mooPonf  itoropi  chorocnrlntai  of  tho  tar- 
pot  moko  tfo  WX -30654  ideally  wMd  to  dow 
non  apptlcmlone.  Tbo  narrow  bondwMtbo  oo- 
aoefeted  with  dow  rearming  ptovMi  utoNor 
proomplifior  note  currants.  Hownrv,  thb  ad¬ 
vantage  b  offwt  by  the  feet  that  wttb  eonttn- 
uouodow  nonnlnp  tho  highlight  dpnol  outiont 
b  toduood  In  proportion  to  ttia  InwooM  In 
iwre  I  fens  •  i  m  ncuciiofi  in  fnfnnjrn  ppw 
eunont  can  bo  avnidod  by  using  digital  icon- 
nlnp  techniques  wboto  tho  boom  tepidly  icons 
adngto  tooslutlon  okmm  end  Is  than  broufht 
to  root  bofomboInppulMd  to  ocon  tho  foliow- 
Inp  tooohttlan  ele^ne^rt  • 

Tho  Idir  of  the  SEC  totfet  Meroiwi  with  tar- 
pot  vottoge.  Dark  eunont  jo  twmoxlotom  over 
the  antlto  ranpo  of  uaoful  target  voitopoo.  Free- 
tlool  limbs  to  tho  moxlmum  tatpot  voltopc  ora 
Impend  by  die  ofast  of  tag  and  tho  appooronoo 
of  tar  pm  proVi.  The  optimum  tarpatvoltopa  la 
pacified  In  tho  tan  dots  aupplled  with  aach 
tuba.  AMtouph  oomo  degree  of  gain' control 


riuuxt  i 


tower  vottapaa,  thin  approach  la  not  reoom- 
mandad  baeauoo  tho  atorapi  capacity  and. 
tlotoforo.  dip  highlight  alpnni  eunont  dactoaaoa 
with  dootortni  tarpst  vobofi.*1* 


Gain  Control 

Effective  pain  antral  eon  bo  occomplldMd  by 
varying  tho  photocothodo  vohop.  Tho  totothto 
dwell  dpnol  torptt  gain,  oa  o  function  of  photo- 
cathode  wCtagn,  It  ahown  In  Flpura  4.  Varying 
tho  photocothodo  voltage  from  3.6  to  7.5  kV 
provMao  a  gain  control  rongo  of  at  toon  16  to 
1  with  no  poroaptlMi  ton  In  resolution  and  on 
tmofi  rotation  of  about  1*.  A  tarptr  range  aon 
be  obtained  by  furthtr  reducing  tho  photo- 
onhodo  voltage;  howuvar,  tho  picture  quality 
b  grodutlly  degraded  by  the  oppraronee  of 
groin. 
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Resolution 

Figure  5  shows  the  uncompensated  square 
wev*  responao  for  the  WX-30664.  The  curve 
given  for  the  comer*4*  Is  obtained  when  the 
tube  is  adjusted  for  best  canter  re  aiution.  The 
corner  resolution  can  be  improve  to  approx¬ 
imately  match  that  of  the  canter  by  dynam¬ 
ically  focusing  i ho  G3  alsctrotie  with  a  suitable 
waveform  of  approximately  10  volts  am¬ 
plitude 

Values  fur  the  canter  square  wave  amplitude 
response  at  230  end  400  TV  lines  per  picture 
height  ere  typically  70%  end  36%  with  min¬ 
imum  values  of  6u%  end  30%  respectively. .  o 
significant  variation  in  the  modulation  transfer 
function  occurs  for  photocathode  voltages 
ranging  from  approximately  3.5  to  8  kw.  With 
a  well-designed  preamplifier,  the  typicH  limit¬ 
ing  resolution  is  800  TV  lines  per  picture 
height  at  the  center  end  650  TV  linos  in  the 
corner 

Lag  Characteristics 

The  signal  generating  mechanism  of  the  SEC 
target  is  essentially  legless  because  conduction 
of  the  secondary  electrons  across  the  storage 
laysr  takes  piece  in  vacuum  rather  ’hen  in  thv 
conduction  bend.  The  small  amount  of  lag  that 
is  observed  is  believed  to  be  caused  by  the 
stored  charge  residing  within  the  KCI  layer 
•ether  than  on  the  surface.  This  limits  the  beam 
acceptance  resulting  in  •  discharge  lag.  At  high¬ 
er  target  voltages,  tha  stored  charge  penetrates 
further  into  the  layer  resulting  in  increased  lag. 
Figure  6  shows  the  lag  characteristic  for  a 
typical  tube  operated  at  optimum  t*  get  volt- 
taga  and  at  a  signal  currant  of  200  nA. 

In  the  first  frame,  more  than  96%  of  tha  signal 
is  read  out,  leaving  lass  then  5%.  typically 
2.6%  to  bo  read  out  in  tha  second  frame.  In 
the  third  and  succeeding  frames,  tha  residual 
signal  Is  unpercephbla.  This  performance  is 
significantly  batter  than  that  of  the  1  vio- 
icori  where  typically,  the  signal  does  not  decay 
to  3%  until  approximately  tha  tenth  frame. 
Tne  dependence  of  lag  on  signal  currant  is 
shown  in  Figure  7.  At  lower  light  levels,  tha  lag 
increases  primarily  because  ot  tha  poorer  beam 
acceptance  associated  with  tha  lower  voltegs 
excursions  on  the  target  surface. 

The  relative  freedom  from  lag  provides  the  WX 
30664  with  a  dynamic  sensitivity  which  is 
only  slightly  lass  than  its  static  sensitivity.  This 
is  illustrated  in  Figure  8  which  shows  the  limit¬ 
ing  resolution  os  s  fur  tk>n  of  H~ut  level  for 
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both  atstlonttry  mb  moving  teams.  In  on* 
om.  th*  image  mouad  ecroet  th*  plctura  width 
In  •  20-etcond  period.  In  order  to  obtain  th* 
•amt  raaolution  with  th*  dynamic  Man*,  It  It 
naeaoaary  to  incraaa*  th*  light  lava)  by  about  a 
factor  .J  3.S.  Undtr  aimilas'  drcumttancat,  th* 
Image  crtiiieo'i  roquiraa  an  Incraaa:  In  light 
lavaiof  about  a  factor  of  100.'s* 

Low  Contraxt  Sonthivity 
Th*  saneitivtty  iUurtratad  Figura  S  w*>  con¬ 
comitant  whh  a  100%  team  contract.  Howavtr 
in  moat  practical  application*.  th*  scan*  con- 
trait  I*  coraiderabiy  loti  than  100%  and.  In 
tueh  caaat,  th*  reneiiMty  of  tha  tub*  to  kiw 
contract  Kara  become*  vary  Important.  Th* 
low  control!  ttntitivrty  of  th*  VVX  30664  it 
axetibnt  and  b  thown  in  Figur*  0.  Over  th* 

I  Inter  region  of  th*  characttrittic.  wh*r*  prt- 
tmpllTbr  nob*  pr*domin*t*t,  th*  illumination 
raqultad  to  achbv*  a  given  resolution  b  approx- 
imataly  invartaly  proport ionul  to  th*  contratt. 
At  higher  illuminating  lav*!*,  whnr*  photon 
thot  nob*  bacomaa  ipprac labia,  thb  ralation- 
diip  approximate*  an  invent  tqutra  depend- 
vnea.  Tha  parformanc*  of  tha  WX-30064 
compart*  favorably  with  that  of  th*  imag* 
orthioon.  For  exempt*,  at  a  raaolution  of  400 
TVL/pIctum  height,  an  :ncr*Ma  in  illumination 
of  about  14  tlmat  it  nquirad  compand  to  4 
for  th*  SEC  tub*  when  th*  contratt  It  reduced 
from  100%  to  26*. 

Point  Source  imaging 
Point  aourc*  Imaging  ch*r*ct*rbtka  have,  been 
maaaumd  for  ■  number  of  different  SEC 
camera  tub*  typaa,  and  have  been  found  to  b* 
aubatantWiy  indtpandant  of  tha  tub*  typ*.*‘* 
Both  th*  Mmithrity,  that  b  th*  minimum  num¬ 
ber  of  radiation  quant*  auffidam  to  product  a 
dgnai  datactabb  on  a  tebvbion  monitor,  and 
th*  dynamic  rang*  of  point  aourc*  detection 
an  important  parameter*. 


Th*  WX -30664.  operating  in  a  tyttam  with  a  3 
nA  nolle  currant,  can  detect  a  tignal  ot  about 
600  phc  oelectrons  per  integration  nerkx',  For 
a  photocathode  with  a  16%  quantum  effi¬ 
ciency,  thb  would  corratpond  to  th*  arrival  of 
4000  photon*  at  th*  faceplate  of  th*  tub*.  No 
lign  if  leant  deviation*  from  perfect  reciprocity 
occur  for  Integration  period*  of  at  bait  tevtrai 
minuter  (Sea  Figure  10).  Incnatad  threshold 
tamitlvlty  may  be  achieved  by  incratting  tha 
target  voltage  by  approxlmataly  2  volt*  be¬ 
tween  Intention  and  read  out  of  the  ttorad 
dgnel.  In  this  way  th*  beam  retina noa  b  re¬ 
duced  and  th*  co-pteri>r  biasing  caused  bv  th* 


FISUhE  t 


Faceplate  illumination  in  Fooiconrtlee 
FISUhE  • 
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negativtl  y  charged  unexpoted  ants  of  the  tar¬ 
ge*  con  be  eliminated. 

The  dynamic  rang:  It  limited  by  the  point  at 
which  physical  spreading  or  blooming  of  the 
point  image  becomes  "obiactlonable".  Figure 
1 1  shows  the  dependence  of  the  diameter  of 
the  image  point  on  the  intensity  of  the  source. 
The  curve  compounds  the  results  of  e  number 
of  Independent  measurements  end  shows  that 
the  diameter  of  the  point  Image  varies  approx¬ 
imately  with  the  0  2  power  of  the  source  In¬ 
tensity  .  For  example,  the  diameter  of  the  point 
Image  increases  by  e  factor  of  approximately 
six  when  the  source  intensity  increases  from 
threshold  by  e  factor  of  four  orders  of  mag¬ 
nitude.  This  performance  may  be  contrasted 
with  that  of  the  image  orthicon  where  the 
seme  degree  of  point  spreading  occurs  for  only 
one  order  of  magnitude  in  Intensity  above  the 
threshold.*1* 

Integration  and  Storage 
The  SEC  target  used  in  the  WX-30654  hat  an 
extremely  high  resistivity.  Thus  e  signal  can  be 
Integrated  over  e  period  of  several  minutes 
without  degradation  due  to  target  leakage.  The 
maximum  integration  period  b  limited  only  by 
spurious  emission  in  the  image  section  of  the 
tube  whiuh.  after  long  periods,  can  saturate 
the  targat.  With  salectad  tubas.  Integration 
times  of  up  to  thirty  minutes  era  possible. 
Throughout  the  entire  exposure,  the  tube 
shows  excellent  reciprocity  In  light  level  and 
exposure  time.  The  ability  to  intetpeta  over 
such  long  periods  affectively  increases  tha 
sensitivity  of  the  tube  by  a  factor  of  several 
thousand  without  compromising  other  per¬ 
formance  parameters. 

Once  a  signal  has  been  integrated.  It  can  be 
stored  for  many  hours  provided  the  photo¬ 
cathode  voltage  isturnod  orf .  Tha  stored  signal 
can  then  be  reed  out  in  essentially  one  frame 
at  any  convenient  scan  rate. 

Maximum  illumination  Levels 
If  an  excessive  amount  of  energy  Is  dissipated 
in  the  SEC  target,  tha  target  suffers  a  lose  of 
gain,  resulting  in  e  permanent  negative  image 
Iburn-in).  Damage  can  bt  causad  by  elthar  an 
excessive  target  voltage  or  by  unduly  high  light 
levels.  In  the  first  can,  damage  can  be  avoided 
by  maintaining  the  target  voltage  at  or  below 
the  value  recommended  in  tha  data  supplied 
with  the  tube.  Oamep  associated  with  high 
light  leveb  alto  depend*  on  the  photocathode 
voltage  and  tha  exposure  time.  These  ralation- 


Sourct  Intensity  at  tht  Focoplott  in  Lumens 
FIGURE  II 


ships  era  Illustrated  in  Figure  12.  The  curves 
represent  the  maximum  energy  exposure  that 
can  be  tolerated  without  danger  of  permanent 
target  damage  for  varlouf  photocethode  volt¬ 
ages  For  sxanvle,  at  a  photocathode  voltage 
of  6.5  kV,  •  high  light  photocethode  illumina¬ 
tion  of  1/5  footcendla  can  be  tolerated  for 
periods  of  up  to  1  mlnuts  without  "burn-ln", 
For  a  Ians  at  f/tt  this  Illumination  cor- 
saponds  to  a  scene  brightness  of  about  i20fL. 
.onger  exposure  times  may  result  '.1  par¬ 
rel  nent  damage.  It  should  be  noted  that.  In 
moat  casM,  axpoauns  at  or  near  thoet  describ¬ 
ed  by  tha  curves  of  Figure  12,  may  cause  a 
temporary  loss  in  gain.  However,  recovery  is 
complete  within  a  period  of  several  minutes. 

Uniformity  end  Distortion 

Shading  In  tha  WX-30SS4  b  caused  mainly  by 

the  slight  radial  change  in  magnification  in  tha 


Image  taction.  Tha  photocurrant  density  In¬ 
cident  on  tha  target  varies  with  tha  square  of 
tha  magnification.  Since  the  magnification  la 
slightly  larger  at  the  edges,  the  current  density 
there  Is  reduced,  resulting  In  e  lowur  signal 
current.  The  video  signal  uniformity,  defined 
as  the  pen-”  "tags  deviation  from  the  maximum 
signal  lex  s  typically  25%  end  is  always  less 
than  40%.  It  Is  measured  across  a  horizontal 
line  at  tha  canter  of  tha  picture. 

Geometric  distortion  Is  typically  2%  with  a 
maximum  of  4%.  It  b  measured  with  an  EIA 
linearity  chart  In  accordance  with  IEEE  Stand¬ 
ard  Number  202.*'* 

Picturt  Quality 

Over  the  recommended  operating  ranges  of  the 
WX -30054,  there  are  no  signal  redistribution 
streets  so  that  e  signal  In  a  given  ana  b  aasen- 
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All  Mignetic  Gun 
Electrostatic  Image  Section 
1.6"  Image  DiagOnel 


Maximum  Typical 

Optional  Oavj  Rating  Operation  Units 

Image  S//a  ar  the  Faceplate:  0.96"  x  128 M 

Direction  of  Seen:  PsrHrf  to  a  Una  Joining  Axis  of  Tub a  to  Target  Lead. 


Photocathoda  Illumination  . .  Saa  Figures  3  and  t2 


Photocathoda  Voltage  . . . 

-9 

-7.5 

Kilovolts 

Anode  Cone  Voltage . .  . 

.  .  .  NA* 

Ground 

- 

Target  Voltage  (Reference  9)  . 

30 

tO  to  3U 

Volts 

Grid  6,  Suppressor  Mesh.  Voltage  (Reference  tO) . 

40 

t5 

Volts 

Grid  4,  Field  Mesh,  Voltage  I  Reference  1 1)  . 

.  .  .  1 500 

500 

Volts 

Grid  3.  Focus  Electrode  Voltage . 

...  1500 

480 

Volts 

Grid  2,  Accelerator,  Voltage .  . 

...  350 

300 

Volts 

Grid  t  Voltage  .....  .  . 

-tso  *0 

-40 

Volts 

Heater  Voltage . 

Peak  Heater  to  Cathode  Voltage: 

.  .  .  6.0 

6.3 

Volts 

Heater  Negative  . .  . . . 

...  1 25 

NA* 

Volts 

Heater  Positive . 

Minimum  Peek-to-Peek  Blanking  Voltage  Applied  To: 

to 

NA* 

Volts 

Cathode  1  Positive  Pulse)  . 

.  .  .  NA* 

30 

Volts 

Grid  t  (Negative  Pulse)  .  . . 

.  .  .  NA* 

60 

Volts 

Cathode  Voltage  .  . 

.  .  NA* 

Ground 

- 

Magnetic  Focusing  Field  lLantar  of  Coll)  . 

.  .  .  NA* 

30 

Gausses 

Magnetic  Alignment  Field  . 

Peek  Deflection  Currant  for  Specified  Yoke: 

.  .  .  NA* 

0  to  4 

Gauste* 

300 

Vertical . . 

.  .  .  NA* 

32 

mA 

Peek  Signal  Currant  1  Reference  t3) 

t 

NA* 

/JA 

*  Not  Applicabla 


Ganarel  Data 

Faceplate  .  Fiber  Optic 

Fiber  Diameter .  t6  /An 

Numerical  Aperture .  t.1 

Useful  Die  mats  r  .  .  t.6  Inchas  (40mm) 

Photocathoda .  S-20  I  Figure  2) 

Image  Section: 

Focusing  Method  Electrostatic 

Configuration  .  Diode 

Target  Shunt  Capacity; 

Typical  .  36  pF 

Maximum  .  .  40  pF 

Reading  Section: 

Focusing  Method  . .  .  Magnetic 

Alignment  Method .  Magnetic 

Focusing- Alignment 

Assembly . tS  VFA-5MX* 

.  or  Eoulvalent 

Oaflectlon  Method .  Magnetic 

Oaf  lection  Yoke . 15-VY  3t4* 

. or  Equivalent 

Cathode  ...  . Indirectly  Heated 

Heater  Power . 1  Watt 

Bom . JEDEC  No.  E8-78 

Sock  It .  #20B-S8SDC  IAId.nl 

Overall  Length  I  maximum)  ,t3.6  inches 

Maximum  Diameter . 4.0  Inchas 

Diameter  of  Reeding: 

Qun  Bulb .  t.6  Inches 

Weight  .  2.19  Pounds 

Operating  Position  .  .  Any 

*  Cleveland  Electronics,  Inc. 


tially  Independant  of  the  signal  In  a  neighbor¬ 
ing  area.  Thus,  the  tube  is  fret  of  halation. 
Slight  blooming,  or  Image  growth,  occurs  at 
very  high  light  levels  due  to  the  beam  bending 
•»  ociated  with  excessive  voltage  CACuniona  at 
the  target  surface. 

All  tubas  are  fret  c»  fixed  pattern  noise,  such 
as  smudges  or  demarcation  Unas.  The  max¬ 
imum  number  and  distribution  of  small  eras 
blemishes  are  defined  in  the  tuble  below: 

Zone  1  Zone  2  Zone  3 

All  Blemishes  .  1  3  20 

Blemishes  with  a 
major  dimension  of 

7  or  8  television  linea . .  0  1  4 

The  zones  are  defined  as  follows: 

Zone  1  .  Central  10%  of  ratter  tree. 

Zone  2  .  Central  20%  of  raster  area. 

Zona  3  .  Entire  raster  ar  i. 


These  blemishes  are  generally  bright  spots  and 
are  defined  as  any  spurious  signal  whose  major 
dimension  covers  three  or  more  television  lines. 

No  blemish  whose  major  dimansion  covers  nine 
or  more  television  lines  is  permitted  anywhere 
In  the  raster. 

Life  and  Environmental  Characteristic! 

The  WX-30664  has  been  used  in  various  ap¬ 
plications  and  has  shown  useful  lifa  times  of 
500  hours  or  more,  comparable  to  vidicorts 
end  image  .  ihicons  It  does  not  require  en 
extended  warm-up  period  and  shows  highly 
reproducible  performance  even  at  operating 
temperatures  as  low  as  -54°C  or  as  high  as 
+55°C.  The  only  performance  parameter  which 
may  change  with  extended  operation  is  sen¬ 
sitivity  which  decreases  at  most  by  one  f-stop. 
Whan  stored  under  suitable  conditions,  a.g.  a 
dean  dry  environment  at  room  temperature, 
the  tube  remains  stable  end  shows  an  ex¬ 
tremely  long  shelf-life. 

The  WX-30664  has  been  designed  for  use  in 
systems  which  mutt  operate  under  the  environ¬ 
mental  conditions  described  In  military  spec-  4L 
lficationMil  E-6400J.Tha  rugged  design  of  the 
lube  is  compatible  with  even  the  most  severe 
vibration  levels,  (curve  IV,  of  the  specifica¬ 
tion).  However,  care  must  be  tskan  in  the  de¬ 


sign  of  the  camera  head  to  ensure  that  res 
o nances,  which  could  produce  microphonics, 
are  avoided. 

Operating  and  Handling  Considerations 

important  Precautions 

1.  Tha  (i/be  is  supplied  with  an  extern*/  volt 
age  limiting  device  connected  between  tha 
SEC  target  and  tha  supprassor  math  ( G5) . 
This  should  not  ba  disconnects d,  as  its 
purpose  is  ro  protect  tha  targat  from 
parmanant  damage  which  could  be  caused 
by  tfra  accidental  application  of  a  high 
voltage  (a.g  from  an  alec trosta  tkally  charg¬ 
ing  human  operator/. 

2  The  targat  and  suppressor  voltages  recom¬ 
mended  with  eech  tube  should  not  be  ex¬ 
ceeded. 

1  The  tube  should  not  be  opereted  at  ax - 
poaure  levels  greater  then  those  illustrated 
in  Figure  12 

The  horizontal  and  vertical  deflection 
power  should  be  adjusted  to  ensure  that 
the  target  Is  either  normally  scanned  or 
over-scanned  before  tha  reeding  beam  Is 
turned  on.  Avoid  Underscanning 


365 


■*- 


TO  MT-«20  Fags  8 


Westinghouse 

© 


Set  up  Procedure 

As  long  as  the  above  precautions  era  taken,  the 
tubes  can  be  sat  up  and  operated  in  a  manner 
similar  to  that  of  a  vidicon.  No  special  "warm¬ 
up"  time  Is  required.  The  sequence  given  below 
is  recommended  as  a  convenient  set-up  proce¬ 
dure. 

1.  Install  the  tube  In  the  camera  heed  using 
the  focus,  deflection,  and  alignment  coll 
positions  shown  In  Figure  1.  The  polarity 
of  the  focusing  coil  should  be  such  that  an 
externally  positioned  north  seeking  pole  is 
attracted  to  the  target  and  of  the  focusing 
coil.  It  is  also  recommended  that  a  1.6" 
diagonal  rectangular  meek  with  a  4: 3 aspect 
ratio  be  uaed  to  prevent  light  reaching  un¬ 
used  parts  of  the  photocathode. 

2.  Make  connections  to  all  electrodes  and  ap¬ 
ply  deflection  voltages  sufficient  to  over 
scan  the  target. 

3.  Apply  maximum  iiegetlve  bias  to  G1. 
Apply  voltages  to  the  heater,  focusing 
coll  and  alignment  colls. 

4.  Apply  the  recommended  voltages  to  G2, 
G3,  G4,  G6.  end  target. 

5.  Apply  approximately  10~4  fc  uniform 
Illumination  tc  the  faceplate  of  the  tuba. 
Turn  on  photocathode  voltage  and  adjust 
the  G1  voltage  until  the  beam  current  ia 
sufficient  to  discharge  the  target. 

6.  Center  and  focus  a  sett  pattern  on  the  face¬ 
plate  of  the  tube  so  that  the  Image  die  Is 
1 .28"  x  0.98".  The  Illumination  level 
eitould  be  adjusted  to  about  10~3  fc. 

7.  Adjust  the  deflection  amplitude  and  cen¬ 
tering  controls  such  that  the  target  ring  1s 
just  visible  In  the  corners  of  the  picture. 
Then  further  decree  as  the  deflection  power 
until  the  tart  chart  completely  fills  the 
picture. 

8.  Adjust  the  G3  beam  focus  control  and 
optical  focus  alternately  until  no  further 
Improvement  in  picture  quality  is  obtain¬ 
ed.  The  G4  voltage  should  always  be  main¬ 
tained  above  that  of  G3  to  prevent  positive 
Iona  generated  in  the  G3  drift  specs  from 
landing  on  the  target. 

9.  Adjust  alignment  currents  for  bast  beam 
landing  In  the  following  manner.  Reduce 
the  G6  voltage  to  a  value  just  above  the 
threshold  for  beam  landing.  Ad|uet  the 
alignment  currant  to  center  and  maximise 
the  area  over  which  the  beam  can  land.  If  a 
G6  vo hags  of  more  than  1  or  2  volts  it 


needed  for  beam  landing  over  the  entire 
raster,  check  the  positions  of  the  focusing 
and  deflection  colli. 

10.  Return  G8  voltage  to  recommended  valua, 
check  G3  and  optical  focus. 

Nott: 

If  the  target  "croeeee  over"  during  the  opera¬ 
tion,  manlfeeted  by  the  appearance  of  a  black 
area  on  the  television  monitor,  the  recom¬ 
mended  procedure  for  returning  to  normal 
operation  Is  to  reduce  the  G6  voltage  tem¬ 
porarily  to  about  10  volts  and  either  reduce 
the  faceplate  Illumination  or  Increase  the  beem 
currant. 

Shutdown  Procedure 
The  only  Important  feature  of  the  shutdown 
procedure  is  that  the  deflection  power  should 
be  switched  off  only  after  the  reading  beam 
has  bean  switched  off.  The  recommended 
sequence  la: 

1.  Turn  off  all  voltages  except  the  deflection 
•uppliea. 

2.  Turn  off  deflection  power. 

Systems  Considerations 

System  requirements  for  the  WX-30654  are 
similar  to  thoaa  for  a  standard  114"  magnet* 
tcalfy  deflected  and  focused  vidicon.  Only  two 
additional  voltages  are  required;  one  for  the 
operation  of  the  electrostatic  Image  taction 
end  one  for  the  suppressor  math  electrode 


IG6).  The  mcaii,  operated  at  about  15  volte, 
may  be  supplied  by  a  voltage  divider  across 
the  conventional  gun  supply. 

Both  this  supply  and  the  power  supply  used 
for  the  focus  coil  should  be  regulated  to  a 
level  of  0.1%  or  Isas.  Similarity,  ripple  should 
not  exceed  0.1%. 

The  suppressor  mesh  should  be  maintained  at 
AS  ground  to  prevent  pto'.up  of  spurious  sig¬ 
nals.  1 1  Is  recommended  that  e  by-pass  network 
(e.g.  a  100K  series  resistor  and  •  .01  If  capac¬ 
itor  connected  directly  to  Gf ,  be  located  as 
closely  as  possible  to  the  suppressor  mesh 
electrode. 

Because  the  focus  of  the  Image  section  Is  In- 
dependant  of  photocathoda  voltage,  regulation 
for  this  supply  <s  not  critical.  However,  ripple 
ia  object  ionAle  because  It  can  be  coupled  Into 
the  video  signal.  It  is  recommended  that  the 
ripple  should  not  exceed  0.1%.  Automatic  gain 
control  can  be  accomplished  by  sampling  the 
video  signal  and  using  a  feedback  network  to 
regulate  the  photocathodt  voltage.  A  block 
diagram  of  such  a  network  is  shown  In  Figure 
13. 

Dynamic  focusing  and  the  reduction  of  shad¬ 
ing  can  be  accomplished  using  techniques  sim¬ 
itar  to  those  used  with  standard  1%"  all-mag¬ 
netic  vidicone.  Dynamic  focuaing  raquirsee  10 
wait  wave  form  applied  to  G3.  Shading  can  be 
aseendafiy  eliminated  by  applying  a  parabolic 
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PREAMPLIFIER  INPUT 


FIGURE  14 


negative  going  voltage  pulse  to  tht  thermionic 
cathode  gun  trlode. 

Provision  should  be  made  in  the  design  of  the 
camera  head  to  shield  the  target  from  extamel 
magnetic  and  electrostatic  fields  which  could 
Introduce  perturbations  into  the  signal  cur¬ 
rant.  The  magnetic  fields  produced  by  the 
focus  end  deflection  coils  may  be  shielded  by 
thin  mu-metal  discs  positioned  at  the  target 
ende  of  both  coils. 

Provision  should  be  made  during  the  design  of 
the  camera  head  for  secure  mounting  of  the 


tube  to  eliminate  possible  resonances  which 
could  introduce  micrcphonics.  (Attention  is 
drawn  to  the  option  of  encapsulating  the  WX- 
30664  In  e  silicon  rubber  compound  to  facil¬ 
itate  mounting).  The  eamara  head  should  also 
be  designed  so  that  during  operation  the  tem¬ 
perature  of  the  tube  does  not  exceed  56°C  in 
the  target  end  the  photocathode  regions. 

in  order  to  maximize  the  signai-to-nolse  ratio, 
it  is  important  to  keep  the  equivalent  input 
noise  current  of  the  preamplifier  ae  low  ae 
possible.  For  the  shunt  capacity  of  36  pF  and 
a  bandwidth  of  8  MHz  equivalent  noise  cur¬ 


rents  of  4  -  6  nA  RMS  have  been  obtained 
using  standard  low  noise  cescode  input  cir¬ 
cuits.  For  references  on  the  design  of  low 
noise  preamplifiers,  see  Not*  12.  Figure  14 
shows  a  suggested  design  for  a  cescode  type  In¬ 
put  to  a  preamplifier,  using  field  effect  transis¬ 
tors.  The  9-36  pF  variable  capacitor  may  be 
uaed  to  adjust  for  variation  in  the  camera  tube 
and  preamplifier  Input  capacities.  The  test 
terminal  may  be  used  to  Inject  a  test  or  com¬ 
pensating  signal.  The  Input  test  signal  is  com¬ 
pensated  py  adjusting  the  1-14  pF  variable 
capacitor. 


367 


TO  M-839  Pag*  10 


W€5tingh0US6 


Notes  &  Refsrsnoes 

An  Annotated  bibliography  o(  published  work 
relating  to  the  SEC  target  and  to  SEC  camera 
tubas  has  bean  prepared  by  Wettinghou?a. 
Copies  may  be  obtained  by  writing  to  Wes- 
tinghousa  Electronic  Tuba  Division,  Box  284 
Elmira,  N.Y.  14902. 
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G.W.  -  "The  SEC  Targat".  Advances 
in  Electronics  and  Electron  Physics, 
Academic  Press,  Vol.  22A,  pg.  229 
(1944). 
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82,  pg.  1007(1984). 

(c)  Goetzs.  Q.W.  •  "Secondary  Electron 
Conduction  (3EC)  snd  Its  Aopllcatlon 
to  Photoelectron k  Image  Devices"  - 
Advances  In  Electronics  and  Electron 
Physics,  Academic  Press.  Vol.  22A, 
pg.  219(1988). 

2.  The  equivalent  visual  slgnel-to-nolse  ratio 
Is  the  ratio  of  highlight  video  signal  current 
to  AMS  noise  current,  multiplied  by  a 
factor  of  3.  (CCIR,  International  Radio 
Consultative  Committee,  Television  Stand- 
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E.  THE  IMAGE  ORTHICON  AND  THE  IMAGE  TSOCON 

The  image  orthicon  (10)  was  developed  during  World  War  II,  and  for 
a  period  of  20  years  thereafter  it  was  the  principal  camera  tube  used 
in  all  commercial  studio  broadcasts.  It  was  also  the  only  tube  capable 
of  low-light -level  operation  during  most  of  this  period,  and  it  is 
still  a  very  capable  performer.  The  image  isocon  (II)  is  similar  to 
the  10  in  format  and  construction,  the  primary  difference  being  in  the 
readout  section.  Both  tubes  use  low-velocity  electron-beam  scanning 
to  extract  the  video  signals  and  a  low-noise  return-beam  electron  mul¬ 
tiplier  to  amplify  the  signal  within  the  tube.  The  primary  difference 
is  that  the  II  derives  its  signal  only  from  scattered  scanning-beam 
electrons,  while  the  10  accepts  all  of  the  returned  beam  for  amplifi¬ 
cation.  As  a  result,  the  noise  in  the  picture  lowlights  is  very  small 
in  the  II  and  is  a  maximum  in  the  10.  Wiile  the  II  provides  superior 
signal-to-noise  ratios  at  moderate  photocathode  light  levels,  it  has 
^  an  amplitude  response  that  is  light -level  dependent.  Thus,  its  low- 
light-level  performance  is  generally  inferior  to  that  of  an  10  de¬ 
signed  for  this  purpose.  However,  in  practice,  it  is  found  that  an 
*  image  intensifier  is  needed  for  both  the  10  and  the  II  to  reduce  image 
^  lag  to  acceptably  low  levels.  With  the  added  intensifier,  the  light- 
level  dependence  of  the  amplitude  response  of  the  II  becomes  generally 
acceptable . 

The  thin-film,  metal-oxide-target ad  10  is  subject  to  permanent 
damage  by  extreme  overexposure,  although  it  can  be  electronically  pro¬ 
tected  in  most  applications.  The  II  is  reported  to  be  immune  to  such 
effects. 

1.  The  Image  Orthicon 

The  image  orthicon  is  usually  constructed  in  three  sizes,  which 
are  described  by  the  diameter  of  the  image  section.  The  three  standard 
sizes  are  2,  3,  and  4.5  in.  The  2-in.  size,  developed  mainly  for  ap¬ 
plications  requiring  a  minimum  in  size,  weight,  and  power,  has  been 
abandoned  mainly  because  of  an  overly  restricted  dynamic  range  and  ex¬ 
cessive  lag.  The  4.5-in.  version  is  of  main  interest  for  commercial 
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broadcast  use,  Its  features  are  a  very  large  signal  storage  capability 
and  reduced  bright-light  h.'loing  effects. 

The  3-in,  10,  which  is  still  of  current  interest  for  low-light- 
level  use,  has  a  40-mm  photocathode  in  the  version  that  is  fitted  w'th 
a  fiber-optic  faceplate.  Ordinarily,  the  imago  section  consists  of  an 
S-20  photoemissive  photocathode  followed  by  a  target.  When  struck  by 
accelerated  photoelectrons,  this  target  emits  secondary  electrons  in 
greater  numbers  than  those  incident.  These  electrons  are  emitted  back 
toward  the  photocathode,  but  are  collected  by  a  mesh  interposed  between 
the  photocathode  and  target.  The  image  section  is  usually  focused 
magnetically.  The  readout  section  consists  of  a  magnetically  focused 
and  deflected  scanning  electron  beam.  The  video  signal  is  not  read 
out  at  the  target,  as  in  the  vidicon  or  the  SEC  camera  tube,  but  rather 
the  electron  beam  is  returned  to  an  electron  multiplier.  The  signal, 
which  is  the  difference  between  the  original  beam  current  and  that 
which  lands  on  the  target,  is  greatly  amplified  by  the  internal  elec¬ 
tron  multiplier. 

The  target,  whose  function  is  both  to  amplify  and  store  the  signal 
during  the  interval  between  scans,  has  been  fabricated  of  a  number  of 
materials.  Originally,  the  target  material  was  a  soda-lime  glass  whose 
conductivity  was  ionic.  The  net  gain  of  this  target  was  about  three. 
The  main  problem  with  soda-lime  glass  was  that  the  conducting  ions  al¬ 
ways  drift  in  the  same  direction,  causing  the  glass  to  become  more  re¬ 
sistive  as  the  ions  become  depleted.  This  caused  an  increased  tendency 
for  images  to  burn  in  after  a  few  hundred  hours  of  operation.  .To  ex¬ 
tend  tube  life,  it  was  customary  to  slowly  rotate  or  "orbit"  the  image 
incident  on  the  target. 

In  the  mid-1950's,  the  thin-film  metal-oxide  target  was  developed. 
The  material  used  was  principally  magnesium  oxide,  although  other  ma¬ 
terials  were  used.  The  thin-film  target  is  electron  conducting,  which 
solves  the  image  burn-in  problem.  Also,  secondary  emission  gain  is 
increased  to  as  much  as  10  to  15,  resulting  in  a  sensitivity  increase. 
An  even  further  advantage  is  that  the  target  is  but  one-tenth  the 
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thickness  of  a  glass  target,  and  its  conductivity,  being  anisotropic, 
is  higher  through  the  target  than  along  its  surface.  Thus,  these 
films  display  a  higher  resolving  power  than  glass  and  a  longer  image 
storage  capability,  which  is  useful  in  slow  scan  and  in  astronomical 
applications.  Being  so  very  thin,  the  MgO  target  lacks  strength, 
necessitating  a  target-to-mesh  spacing  wider  than  normal.  This  re-' 
duces  signal  storage  capability  to  the  point  where  these  tubes  become 
marginal  for  studio  broadcast  use.  Image  lag  is  reduced  because  of 
the  reduction  in  capacitance,  however,  which  makes  these  tubes  suit¬ 
able  for  low-light -level  imaging. 

Another  target  material  developed  is  an  electron-conducting  glass 
called  ’’brown  glass.”  This  glass  usually  contains  transition  metal 
oxides  in  both  bivalent  and  trivalent  states.  The  mixture  of  doubly 
and  triply  ionized  sites  throughout  the  material  permits  electron  con¬ 
duction  by  hopping.  This  glass  eliminates  the  burn-in  problem  and  the 
low  resolving  capability  of  soda-lime  glass,  but  its  gain  is  no  higher 
(about  three). 

a.  Principles  of  Operation.  The  10  is  schematically  diagrammed 
in  Fig.  V-E-l.  The  photoelectron  image  is  magnetically  focused  and 
accelerated  to  the  target  through  a  potential  of  about  600v.  In  tubes 
with  magnetically  focused  image  sections,  this  potential  must  be  pre¬ 
cisely  maintained,  ruling  out  electronic  image-section  gain  control. 
Before  impinging  on  the  target,  the  photoelectrons  must  pass  through 
the  mesh,  which  has  a  photoelectron  transmittance  of  0.6  to  0.7. 

Upon  colliding  with  the  target,  the  photoelectrons  cause 
secondary  electrons  to  be  emitted,  as  shown  in  Fig.  V-E-2.  These 
secondaries  are  collected  by  the  mesh,  which  is  biased  f2  v.  above  the 
target.  The  capacitance  or  signal  storage  capability  of  the  target- 
mesh  assembly  is  determined  by  the  mesh -to -target  spacing,  which  can 
be  as  little  as  0.7  mil  for  glass-targeted  tubes  and  up  to  10  mil  or 
more  for  MgO-targeted  tubes. 
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FIGURE  V-E-1 .  Schematic  of  Image  Orthicon 


MESH  COLLECTS 


FIGURE  V-E-2.  Cross  Section  Showing  Action  of  Image  Orthicon  Storage  Target 
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The  electron  beam,  formed  by  the  electron  gun  and  the  con¬ 
trol  and  accelerating  grids  1,  2,  and  3,  is  further  accelerated  and 
focused  by  grid  4  and  the  focus  coil,  and  then  the  beam  is  magnetically 
deflected  into  a  raster  scanning  pattern.  Next,  it  is  decelerated  Dy 
grid  5.  A  portion  of  the  beam  lands  on  the  photocathode  according  to 
the  charge  deficiency  thereon,  and  the  balance  of  the  beam  returns  di¬ 
rectly  to  grid  2,  dynode  1.  Were  the  focus  perfect,  the  beam  would 
pass  brck  through  the  original  aperture  in  this  structure,  but,  as  a 
practical  matter,  it  collides  with  dynode  1,  which  amplifies  the  re¬ 
turned  portion  by  a  factor  of  approximately  four.  The  amplified 
return-beam  signal  is  subsequently  amplified  further  by  dynodes  2 
through  5.  Including  the  gain  of  the  first  dynode,  an  overall  signal 
amplification  of  about  500  to  1500  can  be  achieved.  The  electron  mul¬ 
tiplier  serves  the  function  of  signal  preamplifier.  While  it  does  not 
improve  the  signal-to-noise  ratio,  it  is  almost  noiseless  compared  to 
external  preamplifiers.  However,  one  of  the  principal  noises  in  the 
10  is  the  shot  noise  of  the  beam. 

b.  Signal  Transfer  Characteristic.  The  signal  transfer  char¬ 
acteristic  for  a  thin-film  MgO-targeted  10  is  shown  in  Fig.  V-E-3. 

The  gamma  of  this  tube  at  low  irradiance  levels  is  near  unity,  while 
at  the  higher  irradiance  levels  the  gamma  drops  off.  In  tubes  with 
close-spaced  meshes,  the  transition  from  unity  gamma  to  zero  gamma  is 
quite  abrupt.  The  limitation  in  this  case  is  mainly  target  capacitance. 
In  thin -film-targe ted  tubes  with  wide-spaced  meshes,  the  transition  is 
more  gradual,  being  a  combination  of  target  gain  reduction,  as  photo¬ 
electron  density  increases,  and  target  capacitance. 

The  signal  current  output  of  the  10  is  given  by  the  relation 

h  =  cgm  <Gr  -  «  tm  Wh 

where  terms  are  as  previously  defined,  except  that  is  the  electron 

multiplier  gain,  TM  is  the  mesh  transmittance,  and  is  the  10  target 

gain.  For  calculations,  it  is  usual  to  assume  a  constant  value  for  the 
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multiplier  gain,  and  the  net  target  gain  (G^  -  1)  is  computed  Irom  the 
equation 


PHOTOCATHODE  IRRADIANCE,  watt  s/m2  ,  2854°K 


FIGURE  V-E-3.  Signal  Current  Versus  Photocathode  Irradiance  Characteristic 

for  the  3-inch,  Thin-Film  Meta  I -Oxide-Targeted  Image  Orthicon 
with  and  without  an  Intensifier 


In  the  linear  region  of  the  signal  transfer  curve,  (GT  -  1) 
is  approximately  10.  The  effective  gain  is  specified  as  (GT  -  1)  for 
the  10  because  the  original  photoelectron  incident  on  the  target  must 
be  discounted.  This  is  only  significant  near  the  knee  of  the  signal 
transfer  curve,  where  the  gain  becomes  quite  small.  It  should  be  noted 
that  it  is  quite  difficult  to  measure  JO  parameters  such  as  beam  cur¬ 
rent,  beam  modulation,  target  gain,  and  electron  multiplier  gain  be¬ 
cause  not  all  terminals  are  brought  out  of  the  tube  to  a  measuring 
point  and  also  because  the  currents  involved  are  extremely  small. 

In  the  calculations  that  follow,  electron  multiplier  gain  is 
assumed  to  be  1000,  the  photocathode  radiant  sensitivity  is  3.2  x  10  ^ 
amp/watt  for  a  2854°K  tungsten  source,  and  the  mesh  transmittance  T^, 
is  taken  to  be  0.66. 

c.  Amplitude  Response.  The  uncompensated  horizontal  square-wave 
response  of  the  10  is  not  unique,  as  can  be  seen  in  Fig.  V-E-4,  where 

a  super  response  and  a  more  conventional  response  are  shown.  The  super 
response  shown  as  curve  A  results  from  a  charge  redistribution  effect 
that  occurs  when  the  target-mesh  assembly  becomes  fully  charged  at  a 
point.  Secondary  electrons  from  the  target  are  then  repelled  by  the 
mesh  and  fall  back  to  the  target  in  areas  adjacent  to  che  areas  from 
which  they  were  emitted.  In  the  case  of  black-and-white  bar  patterns, 
the  blacks  are  driven  from  a  normal  zero  potential  to  a  negative  value. 
This  effect  is  known  as  black  haloing  and  occurs  for  bright  images  of 
signal  level  above  the  knee  of  the  signal  transfer  curve.  Below  the 
knee,  the  more  normal-appearing  response  shown  as  curve  B  is  obtained. 
The  resolution  is  shown  in  terms  of  TV  lines/raster  height  and  in 
terms  of  line  pairs/millimeter.  For  the  image  orthicon  case,  use  the 
scale  labeled  40-mm  photocathode  diameter  only. 

d.  Video  and  Display  Signal-To-Noise  Ratio.  There  are  several 
sources  of  noise  in  the  image  orthicon,  depending  on  the  mode  of  oper¬ 
ation.  Analytically,  the  video  signal-to-noise  ratio  is  written  as 
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FIGURE  V-E-4.  Uncompensated  Horizontal  Square-  or  Sine-Wave  Response  for  the  3-inch, 

Thin-Rim-Targeted  Image  Orthieon  with  and  without  an  intensifier.  (Note: 
Intensifier  Response  is  Sine  Wave;  lOand  I— I O  Responses  are  Square  Wave.) 


(V-E-3) 


SNRV,0,1  = 


GM  ^GT  ~  1')  TM  1s  max^eveh 

V-2  t2  t2  ,  t2  t2  V* 
xe  +  XB  +  XT  +  +  tpa/ 


(’ 


where  the  numerator  terms  are  as  described  above  and  the  noises  are: 

(a)  the  mean  square  photoelectron  noise 


Ie  GM  ^GT  "  TM  6  ^  1s  max//eveh* 


( V-E-4) 


(b)  the  mean  square  beam  noise 


4  =  2  4  «*T  -  »  TM  e  ^  Vh' 


(V-E-5) 


(c)  the  mean  square  target  noise 


TT  GT  GM  TM  6  &  Xs  max^eveh‘ 


(V-E-6) 


(d)  the  mean  square  first  dynode  noise 


4  =  2  «M,1  GM,4  [^1  CSp  -  1)  TM  e  if  is  max/Vh-  'V-E‘7> 


(e)  the  mean  square  preamplifier  noise  computed  from  its 
measured  rms  value  of  Ipft. 

In  Eq.  V-E-6,  GM  ^  is  the  gain  of  the  first  dynode  stage  (about  four) 
and  Gm  ^  is  the  gain  of  the  stages  following  it  (about  250).  In  both 
Eqs.  V-E-5  and  V-E-7,  m  is  the  beam  modulation  factor.  It  represents 
the  fact  that  the  beam  can  never  be  fully  modulated  and  that,  there¬ 
fore,  its  value  must  be  set  at  some  value  1/m  times  higher  than  the 
highlight  signal  current  is< 

The  relationships  between  peak-to-pesk  signal  output  currents 
are  shown  as  a  function  of  input  photocathode  current  in  Fig.  V-E-5  for 
two  cases:  an  optimum  beam  current  and  a  fixed  beam  current.  In  the 
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optimum  beam  current  case,  it  is  assumed  that  the  beam  current  is  ad¬ 
justed  to  be  just  exactly  enough  to  discharge  the  scene  highlight  sig¬ 
nal  and  no  more.  The  beam  modulation  is  assumed  to  be  0.5.  Should 
the  scene  increase  in  brightness  even  slightly,  the  tube,  when  set  up 
for  optimum  beam  at  some  lower  light  level,  will  become  beam-current 
starved,  and  the  image  will  spread  in  size  over  the  target  until  equi¬ 
librium  between  read-in  and  readout  is  achieved,  if  possible. 


FIGURE  V-E-5.  Signal  and  Noise  Currents  for  the  3-inch#  Thin-Film-Targeted  Image 
Orthicon  Versus  Input  Photocathode  Current  with  Fixed  Beam  and 
Optimum  Beam  Current 


In  the  optimum  beam  case,  the  beam  current  nois<;  I3Q  and  the 
photoelectron  current  noise  are  roughly  comparable.  At  the  very 
lowest  light  levels,  preamplifier  noise  exerts  some  influence,  but  not 
much.  When  operated  with  optimum  beam  current,  the  10  approaches  the 
ideal  photoelectron-noise -limited  case.  Such  operation  is  not  generally 
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possible,  however,  in  imaging  a  real  scene  that  encompasses  a  wide 
range  of  scene  radiances. 


In  the  fixed  beam  case,  the  beam  is  set  at  some  constant 
value  high  enough  to  handle  the  brightest  scene  highlight  expected. 

For  calculations,  it  is  assumed  that  the  setup  is  such  that  the  10  will 
operate  with  highlights  well  above  the  knee  of  the  signal  transfer 
curve.  This  is  the  "worst  case"  from  a  sensitivity  viewpoint,  whereas 
the  optimum  beam  represents  the  "best  case."  Actual  practical  per¬ 
formance  will  probably  be  somewhere  in  between. 

The  video  signal -to -noise  ratio  SNR^  g  ^  for  unity  image 
contrast  and  aperture  response  is  plotted  in  Fig.  V-E-6  for  both  the 
fixed  beam  and  the  optimum  beam  by  means  of  Eqs.  V-E-3  through  V-E-7. 
The  display  signal-to-noise  ratio  SNRg/C  is  calculated  in  the  usual 
manner  and  is  plotted  for  the  optimum  beam  (Fig.  V-E-7)  and  for  the 
fixed  beam  (Fig.  V-E-8). 


INPUT  PHOTOCATHODE  CURRENT,  >.mp 


FIGURE  V-E-6.  Video  Penk-to-Peak  Signal -to- RMS  Noise  Ratio  for  the  3-Inch, 
Thin-Filrm-Targeted  Image  Orthicon  Versus  Input  Photocathode 
Current  for  a  Video  Bandwidth  of  10  MHz.  (Note:  Images  are 
Assumed  to  be  of  Unit  Contrast  and  of  Low  Spatial  Frequency.) 
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RESOLUTION,  TV  lines/raster  height 


FIGURE  V-E-7.  Display  Signal -to- Noise  Ratio  Versus  Resolute  for  the  Thin-Film 

Metal -Ocide-Targeted  Image  Orthicon  for  Various  Input  Photocathode 
Currents  (10  Operated  with  Optimum  Beam  Current) 
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DISPLAY  SIGNAL-TO-NOISE 


FIGURE  V-E-8.  Display  5ignal-to-Noise  Ratio  Versus  Resolution  for  the  Thin-Film 
Metal-Qcide-Targeted  Image  Orthicon  as  a  Function  of  Input 
Photocathode  Current  (IO  Operated  with  Fixed  Beam  Current) 
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e.  Limiting  Bar-Pattern  Resolution.  The  limiting  bar-pattern 
resolving  power  is  plotted  in  Fig.  V-E-9  for  both  the  optimum  and 
fixed  beams.  Another  form  of  the  result  is  plotted  in  Fig.  V-E-10, 
which  gives  limiting  resolution  as  a  function  of  photocathode  irradi- 
ance  from  a  2854°K  tungsten  source. 


FIGURE  V-E-9.  Limiting  Resolution  Versus  Input  Photocathode  Current  for  the  3-inch# 
Thin-Film-Targeted  Image  Orthicon  for  Various  Input  Image  Contrasts 

f .  Computed  versus  Measured  Results.  The  computed  resolving 
power  is  compared  to  the  data-sheet  resolving  power  in  Fig.  V-E-ll  for 
100  percent  input  image  contrast.  Fairly  good  correlation  is  observed. 

g.  Lag  Characteristics.  No  lag  characteristics  are  currently 
available  for  the  thin-film  metal-oxide-targe^od  10. 

h.  Form  Factor.  The  standard  40-mm  10  is  approximately  15.45 
in.  lo< g  and  has  a  maximum  diameter  of  3.06  in.  The  outside  diameter 
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FIGURE  V-E-10.  Limiting  Resolution  Versus  Photocathode  Irradiance  for  the  3-inch, 
Thin-Film-Targeted  Image  Orthicon  with  Fixed  and  Optimum 
Beam  Current 
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-S3 

of  the  focus  coil  is  approximately  5  to  5.5  in.,  depending  on  the  wire 
size . 


FIGURE  V-E-11 .  Limiting  Resolution  Versus  Input  Photocathode  Irradiance, 
Comparison  of  Computed  Versus  Data-Sheet  Performance  for 
the  3-inch,  Thln-Rlm-Targeted  Image  Orthicon  with  Optimum 
Beam  Current 

i.  Manufacturers*  Literature.  A  sample  of  manuf acturers ’  liter¬ 
ature  on  image  orthicons  will  be  found  in  Chart  V-E-l. 


£ 

| 


! 


I 


2.  The  Intensifier  Image  Orthicon 

a.  Principles  of  Operation.  The  lag  of  the  10  is  not  generally 
acceptable  for  application1 2"  where  the  scene  has  any  appreciable  motion. 
Also,  when  the  10  is  set  up  with  a  moderately  high  fixed  beam  current, 
its  sensitivity  becomes  too  low.  An  additional  image  intensifier  stage 
substantially  solves  these  problems.  The  sensitivity  of  the  intensi¬ 
fier  image  orthicon  (i'-IO)  is  net  much  greater  than  that  of  an  10  oper¬ 
ated  with  optin'  m  beam  current,  but  it  does  permit  the  operation  of  the 
I-IO  without  continual  beam  adjustment,  and  its  lag  is  greatly  reduced. 
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CHART  V-E-l.  SAMPLE  OF  MANUFACTURERS’  LITERATURE 
ON  IMAGE  ORTHICONS 


The  units,  definitions,  and  methods  of  measurement 
specified  herein  are  not  necessarily  endorsed  by 
the  authors  but  are  those  used  by  the  manufacturer 
quoted. 
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[SPECIAL  PURPOSE! 


Geiveial  Electric  offer*  this  iamily  of  low  light 
level  image  arthicorn  to  mee'  a  wide  variety  af 
'equipments  foi  military  .  .  scientific  .  .  .  and 
indus'riol  applications  .  .  .  for  operation  under 
naimal  environments  or  severe  shacL  and  vibration 
conditions.  Eoch  type  incorporates  tire  high  gain, 
thin  film  magnesium  oxide  target  with  a  sensitiv¬ 
ity  ten  to  twenty  times  llsat  af  glass  targets.  The 
vxtreme  thinness  and  anisotropic  property  of  this 
semiconductor  target  virtually  eliminates  lateral 
leakage  and  increases  the  resolution  25  to  50  per  * 
cent  over  that  of  the  standard  glass  target.  This 


feature  adopts  the  tube  for  service  where  the  sig¬ 
nal  is  stared  lor  a  very  long  period  before  being 
read  out.  This  permits  additional  sensitivity  us¬ 
ing  low  frame  i  ntes  ar  beam  pulsing.  Permanent 
stickiness  and  bufn-in  ate  virtually  eliminated 
since  operation  depends  an  electron  conduction, 
which  is  no*  a  depletion  piocrss,  rather  than  on 
ion  conduction.  As  a  result  these  tubes  will  pro¬ 
vide  very  long  life  arid  reliable  seivice.  In  ad¬ 
dition,  low  gamma  permits  u  vpiy  wide  operating 
range. 


This  type  is  designed  for  noimol  environmental  operotion  and  provides  on  effective  low  light 
level  sensitivity  of  4  x  10  7  foot  candles  photocathode  illuminotion  for  resolution  of  100  TV  lines/ 
target  inch.  The  photocothode  is  S- 1 0  with  on  overoll  spectral  response  from  3000  to 6950 angstroms. 


7409  RUGGEDIZED 


This  type  hos  all  the  features  of  the  7538  ond  is  especially  designed  to  operote  under 
severe  shock  ond  vibrotnn  conditions  in  applications  which  preclude  the  use  of  standard  tubes. 
Specific  conditions  af  sheck  and  vibrotior.  are  listed  an  page  5. 


This  type  is  desioned  for  normal  environmental  operotion  in  applications  requiting  on  effective 
low  light  level  sen  .jfivity  of  3  x  10*6  foot  condles  phi  tocothode  illuminotion  (100  TV  lines/ 
target  inch)  ar  higher  where  extended  integration  is  not  o  requirement.  This  type  hos  on  S-10 
photocothode  with  overall  spectral  response  from  3000  to  6950  ongstroms. 


The  most  sensitive  imcge  orthicon  ovoiloble,  this  type  is  designed  for  normol  environmental 
operotion.  It  hos  on  effective  law  light  level  sensitivity  down  to  1.5  x  10’7  foot  candle:  photo¬ 
cothode  illumination  for  o  resolution  of  100  TV  lines/torget  inch.  This  imoge  orthicon  hos  on  S-20 
photocothode  including  red  response  ond  overoii  response  from  3000  to  G000  ongstroms. 


Z-7806  RUGGEDIZED 


This  type  hos  oil  the  feo*ures  of  the  7967  ond  is  especially  designed  to  operote  under 
severe  shock  ond  vibration  conditions  in  opplicotion  which  preclude  the  use  of  stondord  tubes. 
Specific  conditions  of  shack  ami  vibrotion  ore  listed  on  poge  5. 


This  type  is  designed  for  normol  environmental  conditions  ond  provides  on  effective  low  light 
level  rensitivity  of  4  x  10*7  foot  condles  of  photocothode  illuminotion  for  resolution  of  100  TV 
lines/'.arget  inch.  The  photocothode  hos  on  ovaroll  spectrol  response  from  2200  ongstroms  (ultra¬ 
violet)  to  6950  ongstroms. 


Z-7807  RUGGEDIZED 


This  type  hos  oil  the  feotures  of  the  7969  ond  is  especial ly  designed  to  operote  under 
severe  shock  ond  vibrotion  conditions  in  opp!icotions  which  preclude  the  use  of  stondord  tubes. 
Specific  conditions  of  shock  and  vibrotion  ore  listed  on  poge  5. 
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effective  low  light 
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ta6950  angstroms. 


to  operate  under 
if  stondord  tubes. 


USER  PROVEN  AND  SUGGESTED  APPLICATIONS 

7538 

Tliis  type  has  proved  o  dependable  performer  in  applications  where  low  light  level  capability  is  required 

. surveillance,  satellite  tracking,  detection  and  electra-opticol  telescope  systems  for  astronomical 

observations  af  15  magnitude  stors  using  its  integration  capability. 

7409 

In  severe  ruggedizatian  environments,  this  imoge  orthicon  has  been  successfully  applied  in  tank  fire  con¬ 
trol,  drone  guidonce,  ond  missile  borne  systems.  This  is  a  vastly  improved  image  arthicon  af  the  type  which 
oided  the  submarine  Skofe  to  prabe  an  historic  poth  under  the  arctic  icecop  and  surface  exactly  at  the  North 

Pole.  The  7409  also  odopts  itself  for  ground  vehicle  systems  operating  «»ir  rough  terroin. 

7629 

This  type  is  successful  in  X-roy  intensifier  applications  ta  improve  detectobility  of  lower  contrasts  ond 
detail  than  is  possible  with  stondord  imoge  arthicons  using  a  gloss  target.  The  hiph  sensitivity  has  allowed 

lower  radiotion  rotes  for  longer  continuous  observations  af  potients.  Tlie  7629  is  user-praven  for  low  light 

level  color  ond  monochrome  telecosting . as  well  os  closed  circuit  training  applications. 

7967 

The  most  sensitive  imoge  orthican  availol.N  without  an  intensifier  is  being  used  both  far  underwater 
observotion,  missile  detection  and  tracking  os  well  as  ostronomical  study  af  stars  ta  the  20th  magnitude.  The 
7967  can  be  opplied  readily  in  scintillotion  experiments  with  on  image  intensifier. 

7969 

This  type  with  on  ultro-vialet  response  photocotbode  lends  itself  far  use  in  medical  biological  studies 
and  spectrogrophic  detectors.  In  oddition,  the  7969  hos  been  used  in  special  underwater  observation  experi 
ments  and  for  hydregen  flame  detection. 
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ADDITIONAL  GENERAL  ELECTRIC  IMAGE  ORTHICONS  AVAILABLE 

(DATA  INFORMATION  ON  REQUEST) 


SPECIAL  PURPOSE  •  SCIiNtmc  •  INDUSTRIAL  •  MILITARY 


magnnium  oxide  target 
infra-red  sensitive 
(Ruggedizeri  version  i»  Z-7805) 

similar  to  7538 
plus: 

fibre-optics  faceplate 


SPECTRAL 

_ RESPONSE _ 

3200- 10. GOG  A 
peak  :  infra*  red 
S-l 


*  RESOLUTION 
SENSITIVITY 
500  a  7.6  X  10-* 
200  IS)  1.0  x  10-5 


same  as  7«67  except  sensitivity 
limit  is  approximately  2.7  x  10’  7 
foot  candles 


APPLICATIONS -USER  PROVEN 
‘infra- red  detection  p,i»«.vc  orvl 
active  daylight  star  tra>  king 
“'aerial  mapping 

spcctrogr  Jiph 1 c  detect  ir< _  _ 

medical  television 
"f-bre  oplica  systems 
photographic  printing 

•ed  informati  m scanning 


hbre  optics  system* 

“■radiation  scintillator  studies 
phonographic  p» luting 
high  eperd  -nformation  scanning 
electro-optical  telescope  systems 
extreme  low  light  level  snrvi  illarif 
underwater  observation 


COMMERCIAL  BROADCAfT  •  NETWORK  •  EDUCATICNAL 


high  reliability 

very  long  life 

low  light  level  sensitivity 

semiconductor  target 


glass  target 
good  gray  scale 
stable  performance 


same  as  d092A 
plus 

higher  signal  to  noise  ratio  and 
extended  contrast  range  designed 
specifically  for  color 


studio  black 'white  100  ft-c 
scene  illumination 
educational  TV 


studio  black /  white 
high  quality  monochrome 
educational  TV 


high  quality  video  tape  re 
cording 

high  quality  color 


~isl 


st  idio  and  outdoor  color 
works  well  nighttime 

under  lights 


’Resolution  sensitivity  is  defined  as  television  lines  per  target  inch  *  sj*ecifird  photocathode  illiinun. 
*  Equivalent  ASA  ratings  based  on  exposure  at  knee  of  transfer  characteristic  curve  and  frame  time  - 
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7538 _ 7409 

ESSENTIAL  SPECIMCAT 


ELECTRICAL-ALL  TYPES 


Cothede-Un  i  potent'  ol 

Focusing  method-Mognc ti c 

Heoter  voltoge  AC  or  DC . 

6.3  *10% 

Volts  Deflecting  metho J-Mogneti c 

Heater  Current .  . . 

.  .  .0.6 

Amperos  D.iect  interelectrode  copocitonce 

Photocothode-Semi  tronsporenl . 

Respon  se 

Anode  to  oil  other  electrodos . 12  pp f 

7538  7409  7629 . 

.  .  .  S- 10 

7967  Z-7906  . 

.  S-20 

7969  Z  •  730 7  . 

.... uv 

Rectongulor  imoge,  4  by  3  ospect  rot  o 

Useful  size,  moximum  diogonol.  . 

....  1.8 

Inchos 

Ofi entufion -Proper  ori entotion  is 

obtained  when  the  vertical  scan  is  ossontiolly  porollel  to  the  plone  possing 

through  the  center  of  the  *ocvplofe  ond  pin  No.  7  of  the  shouldor  bese.  j 

Operoting 

Operoting 
tub*,  to 

T  emperotu 
ond  ony 
section 


MAXIMUM  RATINGS-ABSOU'^E  VALucS-ALL  TYPES 


Photocothode  voltoge . -600 

Photocothode  illumination  .  .  .  . . 50 

Anode  supply  voltoge  (o) .  .  .  1850 

Grid-No.  1  volfogo 

Nogotive  btos  voluo  .  ,  ...  135 

Positive  bios  volue  ...  . 

Above  voltoge  for  highlight  dischnrge- 


-600 

Volta 

.  50 

Foot  Condi  os 

1850 

Volts 

.  135 

Volts 

.  .  0 

Volts 

.  5 

Volt*. 

Grid-No.  2  ond  dvnode-No.  1  voltoge .  380  V*,lts 

Grid-No.  3  voltogo .  400  Volts 

Grid-No.  4  voltnge .  300  Volts 

Grid-No.  5  voltoge . 150  Volts 

Grid-No.  6  voltoge . —600  Volts 


TYPICAL  OPERATION-AVERAGE  VALUES-ALL  TYPES-FOR  NORMAL  PERFORMAt 


Phofocothode  voltoge,  image 

focus . -  400  to  -550 

Grid-No.  I  voltogo  for  pictuie  Cutoff, 

beom . . -  45  to  -  125 

Photocofhode  illuminotion .  • 

Sceno  illuminotion . J 


Grid-No.  2 

ond  dynode-No.  1  voltoge  . 

300 

Volts 

D. 

Volts 

Gnd-No.  3 

voltoge  (b),  multiplier  focus 

225  tc 

330 

Volts 

0. 

Grid-No.  4 

voltogo,  boom  focus . 

.  .  140  to 

180 

Volts 

u 

Volts 

Grid-No.  5 

voltoge,  decelerotor . 

...  0  to 

125 

Volts 

D« 

Grid-No.  6 

voltogo,  occelerotor- 

At 

75  to  85 

porcent  of  photocothode  vol 

loge, 

Dl 

npproxim 

oto . 

-  300  ro  - 

-465 

Volts 

Si 

TYPICAL  OPERATION-AVERAGE  VALUES-ALL  TYPES-FOR  MAXIMUM  SENSITIVE 


Photocothode  voltogo,  image 

focus . -400  to  -550  Volts 

Grid-No.  1  voltoge  for  picture  Cutoff, 

beom . -45  to  -135  Volts 


Photocathodo  illuminotion 
Scene  illuminotion . 


Grid  No.  2  ond  dynode-No.  1  valtogo . 370 

Grid-No.  3  voltogo  (b),  multiplior  focus  .  .  225  to  380 

Grid- No.  4  voltoge,  boom  focus . 140  to  *50 

Grid- No.  5  voltcge,  docelorotor . 0  to  125 

Grid-No.  6  voltoge.  occelerotor- 

75  to  85  percent  of  photocothode  voltoge, 
epproximeto . -  300  to  -  465 


Volts  D) 

Volts  D> 

Volfs  0) 

Volts  0) 


Volfs  St. 


_ OPERATING  NOTES-ALL  TYPES _ _ 

IMPORTANT!  Some  magnesium  oxide  targets  moy  be  subject  to  permanent  domage  if  directly  ond  intermittently 
exposed,  while  in  operation,  to  extremely  bright  sources  which  result  in  high  photoelectron  densities  occurring 
ot  t ite  target.  Sud  sources  include  the  sun,  phatoflosh  lamps  ond  exploding  wire  flashes.  If  domoge  does  occur, 
it  is  in  the  form  of  bl c.  image  spots  burned  into  the  target  from  the  intense  light.  0f 


_ _ FOOT  NOTES _ __ 

o  Rotia  of  dynode  voltogo*  is  shown  under  Typicol  Operotion. 

b  Ad|ust  io  give  fn«  most  uniformly  shoded  picture  near  maximum  signoi. 

c  The  forget  supply  voltoge  should  be  odjustabl*  from  -3  to  4  5  volts  with  b  onking  voltoge  off.  Maximum  torge*  voltoge  is  + 1 0  valts 
obove  forget  cutoff.  Recommended  forget  voltoge  is  +2  volts  obove  cutoff.  Slight  reodju stment,  usually  only  o  -moll  fraction  of  o  volt, 
moy  be  necessary  to  mimmiie  microphanics. 

d  Direction  of  current  should  be  such  that  o  norib- seeking  pole  is  ottrocted  to  the  imoge  end  af  the  focusing  coil,  with  the  indico’or 
locoted  outside  of  and  of  *l-e  imoae  end  of  the  focusing  coil. 

e  Adjusted  to  produce  fiottest  field  with  moximum  response.  Alignment  is  correct  when  the  center  of  the  picture  merely  goes  through  focus 
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PE  CIFICATIONS  AND  RATINGS 


1?  ppf 


on o  passing 


THERMAL-ALL  TYPES 


Operoting  temperoture  of  ony  port  of  bulb  ....  70  C  Max. 

Operoting  temperoture  of  bulb  ot  large  and  of 

tube,  forget  sectici,  minimum . 0  C 

Temperature  difference  between  forget  section 
ond  ony  port  of  bulb  hotter  thon  forget 

taction . . 7.5  C 


MECHANICAL-ALL  TYPES 


Over-oil  length . 15.20  *  0.25  Inches 

Greatest  diometer  of  bulb  .  3.00*0  06  Inches 

Deflection  coil  minimum  inside  diometer.  .  .  2  3  8  Inches 

Deflecting  coil  length . .  ...  .5  Inches 

Fncusing  coil  length .  .  .  .10  Inches 

Alignment  coil  length . 15  16  Inch 

Photocothode  distonce  inside  end  offocu  smg  coi  I  12  Inch 

u.  .  I  Nonrugged* zed . .14  Ozs. 

W.^ht,  appro., loot.  j  9uS9.dll.d . 1.4  Lbs. 

Operoting  po  si  tion  -  Any,  except  with  diheptal  bose  up  and 
the  tube  oxis  ot  on  ongle  of  less  thon  20  degrees  fror-i  <erticol. 


.  .  M0 

Volts 

400 

Volts 

.  .  300 

Volts 

150 

Volts 

.  -600 

Volts 

Dynode-No.  4  to  Dynode-No.  3  V 
Dynode-No.  5  to  Dynode-No.  4  V 
Anode  to  Dynoda-No.  5  Voltage  . 
Vo  I  log  e  per  multiplier  stoge  .  . 


. 350 

Volts 

T urget  voltoge 

. 350 

Volts 

Above  torget  cutoff,  positive 

di  rec  tion  .  .  . 

.  .  10 

Volts 

. t  ,0 

Volts 

Nagotive  volue . 

.  .  .  10 

Volts 

. 350 

Volts 

Peok  heoter-cothode  voltage 

. 100 

Volts 

Heoter  negotive  with  respect 

to  co’hoda  .  . 

125 

Volts 

. 400 

Volts 

Heoter  positive  with  respect 

to  cathode .  . 

.  .  .10 

Volt! 

-OR  NORMAL  PERFORMANCE* 


I,  , 

300 

Volts 

js .  .  225  to 

330 

Volts 

...  140  to 

180 

Volt. 

....  0  to 

125 

Volts 

oltoga, 

1. -3*30  to  - 

465 

Volts 

Dynode  No.  2  voltoge .  600  Volts 

Dynode-No.  3  voltoge . 910  Volts 

Dynode-No.  4  voltoge .  1200  Volts 

Dynode-No.  5  voltoge .  1490  Volts 

Anode  voltoge  . .  1550  Volts 

DC  onode  current,  mo*.  .  .  30  Microomperes 

Signol  output  current,  peok-to-peok  -  See  light  tronsfer 
chorocteristic  curve,  poge  2. 


Torget  voltage 

Torget  cutoff  voltage  (c) . “3  to  tl  Volts 

Target  temperoture  ronge . 15  to  55  C 

Peok-to-peok  blocking  voltage . 5  to  20  Volts 

Field  strength  ot  center  of  focusing  coil  (d)  .  .  75  Gousses 
Field  strength  ot  ohgnment  coil, 

appioximote  (e) . 0  to  3  Gousses 


FOR  MAXIMUM  SENSITIVITY  PERFORMANCE  AT  EXTREME  LOW  LIGHT  LEVEL  CONDITIONS** 


. 370 

Volts 

Dynode-No.  2  voltoge  . 

.  770 

Volts 

Torget  voltoge 

3s  .  .  225  to  380 

Volt. 

Dynode-No.  3  voltoge  . 

. 1080 

Volts 

Torget  cutoff  vultoge  (c) . 

.  .  .  .-3  to  *3 

Volt. 

.  .  140  to  250 

Volts 

Dynodr-Nc.  -1  voltoge. 

. 1 360 

Volt. 

Torget  temperoture  ronge . 

...  15  to  55 

C 

0  to  125 

Volts 

Dynode-No.  5  voltoge  . 

. 1610 

Volts 

Penk-to-peok  blanking  voltage  .  .  . 

.  .  .  .  5  to  20 

Volts 

Anode  voltoge . 

. 1700 

Volts 

Field  strength  ot  center  of  focusing 

coil  (d)  .  .  75 

Gous  ses 

»l  toge, 

DC  onode  current,  mox. 

. 30 

Microomperes 

Field  streng  th  of  olignment  coil, 

.  -300  to  -465 

Volt. 

5ipiol  output  current, 

peok-to-peok  -  See 

light  tronsfer 

approximoto  (e) . 

.  .  .  0  to  3 

Gousses 

chorocterifttic  curve, 

poge  2. 

ly  and  intermittently 
densities  occurring 
dorrage  does  occur, 


The  tubes  wtll  be  protected  in  most  coses  by  inserting  o  20  to  80  megohm  1/4  wott  resistor  in  series  with  the 
photocothode  in  the  comero.  This  resistor  in  no  woy  interferes  with  normol  operotion  of  these  or  other  image 
orthicons  which  moy  be  used  in  the  modified  comero. 

In  oddition,  if  these  or  simitor  bright  sources  ore  to  be  continuously  observed,  oppropriote  exposure  control 
of  photocothode  i'luminotion  con  be  opplied  by  neutrol  density  filters. 


i?g«t  voltage  is  +10  volts 
a  small  froctian  of  a  valf, 


and  does  not  rotate  whan  baom  focus  (Grid-No.  4)  is  voriad.  For  most  commarciol  focus  coils  75  gauss  fiald  results  fram  focus  coil 
curror*  af  75  mo. 

Far  Normal  Perfarmonce 

These  tubes  will  perform  in  •  'tndord  equipment.  However,  it  is  suggested  thot  modificotion  be  mod*  in  occordonce  with  the  obove 
stoted  values  to  improve  effective  .ensitivity  far  mast  applications. 

For  Moximum  Sensitivity  Performance 

For  extreme  low  light  level  oppli  cofiorn,  moximum  useful  multiplier  gom  is  desired.  The  volues  v  v_i  should  ke  opplied  to  obtain 
the  best  low  light  level  sensitivity  cooobility  of  the  tube  being  considered. 

The  resolution  sersitiv-fy  information  confoined  in  this  data  folder  wos  derived  with  these  higher  multiplier  voltages. 


sg  coil,  with  the  indicator 
nerely  goes  through  focus 
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SPECIFIC  P 


LIGhI  tKANSf  LR  OtARACtfRIMK  5 


TYPICAL  'iIC NAL: NOISE  CHARACI ERIST ICS 
VERSUS  5AN0.WDTH  AND  ILLUMINATION 


INTEGRATION  EFFECT  ON  RESOLUTION  SENSITIVITY 
TYPES  7538,  7409,  7979,  7807 

TV  LINES  'TARGET  INCH  100  200  300  400  500  600  700 


INTEGRATION  EFFECT  ON  »  ,OLUTION  SENSITIVITY 
TYPES  7967,  7806 

100  200  300  400  500  600  700  TV  LINES  *TARGET  INCH 


All  curves  on  Foge  2  orv1  noge  7  ex- 
following  conditions. 

ComeroChoin:  Generol  Electric  TE-5 

Amplifier  bondwidth  ■ 


Resolution  Chart;  Notionol  Bureou  of  Sto 

Controst  Rotio-  Tc  -  Tb  x  100*0,  where  Tf 
Tc  Tb 

(Note:  Tc  rejoins  some  ot  obout  0.82  fo 
light  gray  in  the  7*o  chort.) 


Window  Chort: 

100  **0  controst,  1  ao  on 

Light  Source: 

2870  Kelvin  *  tung« 

Light  Level : 

Aperture  ond  neutrol  d 
provide  ronge  from  10"' 
scene  brightness  in  fo 
i  1 1  um i not i on  in  foot  cor 

Operoting  Tempi 

eroture  for  imoge  end:  25 

Torget  Roster: 

Torget  diometer  is  1.41 
roster  dimensions  ore: 
Aspect  Rotio 

1  x  )  (squore) 

4x3  (stondord) 
Horizontal  TV  lines  = 
Verticol  TV  lines  (RE 
Resolution  sensitivity 
Therefore,  700  TV  line 

ENVIR< 


PHOTOC4hfODE  ILLUMINATION, 


PHOTOCATHODE  SPECTRAL  RESPONSE  CHARACTERISTICS 


- H-H — I - H - 

ULTRA  VIOLET  GREEN  RED  INFRA 
/IOLET  8 LUE  YELLO.Y  R£D 


Shock:  Per  specification  MIL-E- 

A)  12  impoct  shocks  of 

B)  The  shock  sholl  be  i 

1. )  Verticolly  perp< 

2. )  Porollel  to  the  i 

C)  The  shock  pulse  wic 

Vibrotion:  Under  the  conditions  spi 

ot  operoting  temperoture 
phatocothode  i I lumi not ioi 
the  frequency  ronge  froi 
from  5  to  50  cycles  per 
reodoble  through  ony  in te 


Humidity: 


Accel  erotion: 
70G,s 


Under  the  conditions  spe 
this  test,  the  interelectr< 
to  oil  other  end  bose  pin 
ohms. 

Constont  occelerotion  vi 
10  minutes. 
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SPECIFIC  PARAMETERS  ON  RECORDED  DATA 

All  curves  on  Poge2ond  Poge  7  except  Spectrol  Sensitivity  Characteristics  were  recorded  under  the 

fallowing  conditions. 

Comero  Choin:  Genercl  ElecJric  TE-5  (modified) 

Amplifier  bondwidth  •  20  rr.c  (for  high  resolution  measurements) 

*  6  me  (for  low-light  meosurements) 

Resolution  Chart:  National  Bureau  of  Stnndords  Lens  Test  Chart  100%  controst  transparency. 

Contrast  Ratio  Tc  - *  100%,  where  Tc  “light  transmission  rotio  of  clear  background  of  chart  tronsporency,  and 
Tc  Tt  =  light  transmission  rotio  of  resolution  bors. 

(Nate:  Tc  remoins  some  ot  oboot  0.82  for  oil  controst  chorts  ond  Tb  varies  from  very  dense  in  the  100%  chart  ta 
light  groy  in  the  7%  chert.) 

Window  Chart:  100%  contrast,  1%  area  window  far  signol  .noise  ond  tronsfer  characteristic  dota. 

Light  Source:  2870  Kelvin  •  tungsten 

Light  Level:  Aperture  and  neutrol  density  controlled  (within  specially  constructed  low  light  level  bax)  ta 

provide  range  from  10'®  to  10'*  foot  condles  i lluminotion  on  photocothode.  For  corresponding 
scene  brightness  in  foot  lomberts  when  using  Leitz  f  1.5  lens  (85  mm),  multiply  photocathade 
illumination  in  foot  candles  by  12. 

Operoting  Temperoture  for  imoge  end:  25*  to  30*  centigrode. 

Torgnt  Roster:  Torget  diometer  is  1.40  inches.  Far  earners  of  sconning  roster  jusc  touching  target  edge 

roster  dimensions  ore: 

Aspect  Ratio  Horizontal  Vertical 

1  x  1  (square)  0.99"  0.99" 

4  x  3  (stondord)  1.12"  0.84 

Horizontol  TV  lines  =  1.12  x  TV  lines/torget  inch 
Vertical  TV  lines  (RETMA)  =  0.84  x  TV  lines/torget  inch 
Resolution  sensitivity  doto  is  recorded  in  TV  lines/torget  inch 
Therefore,  700  TV  lines/target  inch  =  784  horizontal  lines 

s  588  vertical  lines  (RETMA) 

ENVIRONMENTAL  SPECIFICATIONS 

7409  Z-7806  Z-7807 

Shock:  Per  specification  MIL-E-5272C  (ASG)  Poragraph  4.15.5  with  the  fallowing  differences: 

A)  12  impoct  shocks  of  30  G. 

B)  The  shock  sholl  be  applied  in  the  fallowing  directions: 

1. )  Verticolly  perpendi culor  to  longitudinol  oxis,  3  shacks  in  eoch  direction. 

2. )  Parollel  to  the  minor  horizontal  oxis,  3  shocks  in  each  direction. 

C)  The  shock  pulse  width  is  defined  by  the  use  of  o  0.2  ta  250-cycle-per-second  filter. 

Vibration:  Under  the  conditions  specified  in  MIL-E-5272C  (ASG)  r^orogroph  4.7.12  Procedure  XII  except 

ot  operoting  temperature  only.  Center  horizontol  resolution  ot  3  x  10*5  moximum  foot*condles, 
photocothode  illuminotion  will  be  at  leost  350  lines  (RETMA)  with  5  G  applied  occelerotion  in 
the  frequency  ronge  from  50  to  500  cycles  per  second  and  o  double  amplitude  of  0.036  inch 
from  5  to  50  cycles  per  second.  Picture  resolution  of  350  TV  lines  (RETMA)  is  defined  os 
reodoble  through  ony  interference  thot  may  occur. 

Under  the  conditions  specified  in  MIL-E*5272C  (ASG)  Porogroph  4.4.1  Procedure  I.  Fallowing 
this  test,  the  interelectrade  insulotion  of  the  end  pins  5,  6,  7,  8,  9  and  10  eoch  with  respect 
to  oil  other  end  bose  pins  grounded  ond  with  350  volts  (minimum)  opplied  is  greater  than  500 
ohms. 

CoriStont  acceleration  when  opplied  perpendiculor  to  the  longitudinol  axis  of  the  tube  for 
10  minutes. 


11,000 


The  added  intensifier  is  assumed  to  have  an  S-25  photocathode  having 
a  radiant  sensitivity  of  4  x  10  ^  amp/watt  and  a  diameter  of  eithe^  80 
mm  or  40  mm.  The  electron  gain  at  the  phosphor -photocathode  interface 
is  assumed  to  be  40. 

b.  Signal  Transfer  Characteristic.  The  signal  transfer  charac¬ 
teristic  for  various  intensifier  combinations  is  shown  in  Fig.  V-E-3. 
The  shift  is  a  factor  of  50  to  the  left  for  the  40/40 -mm  I -10,  which 
results  from  a  photocathode  sensitivity  increase  of  1.25  times  the 
electron  gain  or  40.  For  the  80/40-mm  I-IO,  a  further  shift  of  a 
factor  of  four  towards  lower  irradiance  levels  is  obtained  because  of 
the  four  times  larger  area, 

c.  Amplitude  Response.  The  sine-wave  amplitude  response  of  the 
intensifier  and  the  square-wave  response  of  the  I-IO  are  shown  in  Fig. 
V-E-4.  These  curves  are  identical  for  the  80-  and  40-mm  input  photo¬ 
cathodes  when  resolving  power  is  specified  in  units  of  TV  lines/raster 
height,  but  differ  by  a  factor  of  two  when  resolving  power  is  specified 
in  units  of  line  pairs/millimeter,  as  shown  in  the  figure. 

d.  Video  and  Display  Signal-to-Noise  Ratios.  The  additional  gain 
of  the  intensifier  is  sufficient  to  make  all  of  the  noises  negligible 
except  for  the  photoelectron  noise  and  the  beam  noise.  The  video 
signal-to-noise  ratio  may  then  be  written  as 


SNRV,0,1 


'S  max 


L 

-J) 

<4 +  4> 


(V-E-8) 


where 


Ie  =  the  output  signal  current 


Gp(GT  -  1)  Gm  Tm  ig  max/eveh- 


( V-E-9) 
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Ig  =  the  mean  square  photoelectron  noise 


(V-E-10) 


=  (4  <G1 


l)2  G2  T*  e 


^s  max//,eveh* 


2 

I„  -■  mean  square  beam  noise 


CGp  “  U  Gm  Tm  e  Af  i. 


2  Gp(U,.  -  «  ^  ‘H  -  for  optimum  team 


(V-E-ll) 


m  e  e, 
v  h 


2  Gu  e  if  I__ 

M  SF  max 


m 


for  fixed  beam 


(V-E-12) 


The  terms  in  the  expressions  above  are  identical  to  those  used  in  Sec¬ 
tions  V-E-l-b  and  v-E-l-d,  except  that  Gp  is  the  electron  gain  at  the 
intensif ier-phosphor/IO-photocathode  and  Ior  is  the  maximum  pos- 
sible  output  signal  current.  The  various  signal  and  noise  currents 
are  plotted  in  Fig.  V-E-12  and  SNRy  0  1  is  Plotted  in  PiSF*  V-E-13.  As 
can  be  seen  by  comparison  with  Fig.  V-E-6,  the  beam  noise  is  still  a 
factor  in  the  case  of  the  I-IO,  but  its  effect  is  much  reduced  by  the 
added  intensifier. 


This  display  signal-to-noise  ratio  is  calculated  as  before 
and  plotted  in  Fig.  V-E-14. 

e.  Limiting  Bar-Pattern  Resolution.  The  limiting  bar-pattern 
resolution  is  determined  from  Fig.  V-E-14  and  is  plotted  in  Fig.  V-E-15 
as  a  function  of  input  photocathode  current.  The  limiting  resolution 
resolution  in  line  pairs/millimeter  versus  photocathode  irradiance  is 
plotted  in  Figs.  V-E-.16  and  V-E-17  for  two  input  photocathode  diameters 
and  a  radiant  sensitivity  of  4  x  10”3  amp/watt. 

f.  Computed  versus  Measured  Results.  The  computed  resolving 
power  is  compared  to  that  measured  on  a  single  sample  in  Fig.  V-E-18 
and  shows  good  correlation  in  the  contrast  range  from  0.3  to  1.0,  but, 
as  expected,  the  measured  resolving  power  exceeds  that  predicted  at 
the  lowest  contrast  (C  =  0.1). 
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BEAM  FIXED) 


FIGURE  V-E-13.  Video  Peak^to-Peak  Signai-to-RMS-Noise  Ratio  for  the  Intensifier 
Image  Orthicon  Versus  Input  Photocathode  Current  for  a  Video 
Bandwidth  of  10  AAHz.  (Note:  Input  Image  is  Assumed  to  be  of 
Unit  Contrast  and  of  Low  Spctiai  Frequency.) 


DISPLAY  SIGNAL-TO-NOISE  RATIO 


FIGURE  V-E-14.  Display  Signal-to-Noise  Ratio  Versus  Resolution  for  the  Intensifier 
Image  Orthicon  for  Various  input  Photocathode  Currents 
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FIGURE  V-E-16.  Limiting  Resolution  Versus  Photocothode  Irrodionce,  Contrast  100%, 

for  the  Intensifier  Image  Orthicon  with  Optimum  and  Fixed  Beam  Current 
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FIGURE  V-E-18.  Limiting  Resolution  Versus  Input  Photocothode  Irradiance.  Comparison 
of  Computed  Versus  Measured  Resolving  Power  for  the  40-mrr.  Intensifier 
image  Orthicon 


g.  Lag  Characteristic .  Third-field  lag  characteristics  are  not 
currently  available  for  the  I-IO,  but  a  measurement  of  dynamic  re¬ 
solving  power  has  been  made,  as  shown  in  Fig.  V-F-19.  In  this  meas¬ 
urement,  the  bar  pattern  is  moved  across  the  field  of  view  in  the  time 
period  noted. 


s 3-18-71-99  INPUT  PHOTOCATHODE  IRRADIANCE,  watts/m2,  2854°K 

FIGURE  V-E-19.  Limiting  Resolution  Versus  Input  Photocathode  Irradiance. 

Effect  of  Bor-Pattern  Image  Motion  for  the  40-mm  Intensifier 
Imoge  Orfhicon 
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3 .  The  Image  Isocon 

The  essential  features  of  the  image  isocon  (II)  were  described  in 
1949,  but  early  tubes  had  setup  problems  and  incomplete  beam  separa¬ 
tion  problems  that  prevented  the  production  of  practical  tubes.  In 
the  last  few  years,  these  problems  have  been  solved  to  a  satisfactory 
degree,  and  tubes  of  high  quality  are  now  available.  The  main  merits 
of  the  II  are  an  ability  to  provide  very  high  signal-to-noise  ratios 
and  very  high  resolving  powers  with  adequately  illuminated  scenes. 
Relative  to  the  10  as  described  in  Section  V-E-l,  the  II  is  le~s  sen¬ 
sitive,  but  it  provides  a  wider  dynamic  range  and  a  picture  t,  it  is 
noise  free  in  the  blacks  of  the  scene.  With  an  additional  stage  of 
image  intensification,  the  II  becomes  capable  of  low-light-level  imaging 
with  the  particular  merit  of  being  relatively  immune  from  damage  by 
bright  lights. 


a.  Principles  of  Operation.  The  II  is  shown  schematically  in 
Fig.  V-E-20.  The  image  section  is  essentially  identical  to  that  of 
the  image  orthicon,  as  is  the  electron  gun.  The  principal  difference 
is  in  the  return-beam  readout.  In  the  II,  the  beam  current  i^,  ap¬ 
proaching  the  target,  deposits  enough  electrons  to  discharge  the  tar¬ 
get.  The  portion  of  the  beam  that  lands  is  numerically  equal  to  (GT  - 
l)is.  Another  portion  of  the  electron  beam,  i  t,  is  scattered  by 
interaction  with  the  target,  and  a  third  portion  i  ^  does  not  possess 
sufficient  energy  to  reach  the  target  and  is  specularly  reflected. 

Thus,  the  total  beam  current  can  be  written  as 


Xb  l)is  +  -^scat  +  Xrefl 


( V-E-13) 


In  the  image  orthicon,  both  the  scattered  and  reflected  beam  compo¬ 
nents  are  returned  to  the  electron  multiplier  with  the  result  that 


XS  GM  ^b  "  ^GT  "  1^is^ 


( V-E -14) 


-  GM  ^scat 


+  1refl^ 


It  is  seen  that  the  output  current  Ig  is  a  maximum  when  the  image  sig¬ 
nal  i  is  zero,  and  thus  maximum  beam  noise  occurs  in  the  picture 
blacks . 
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FIGURE  V-E-20.  Schematic  Arrangement  of  the  New  image  Isocon.  (The 
Arrangement  of  the  RCA  C21095  Image  Isocon  is  Simpler 
than  This.) 


The  isocon  readout  makes  use  of  the  fact  that  the  scattered 
portion  of  the  electron  beam  iscat  is  proportional  to  the  target  cur¬ 
rent  (Gt  -  l)i,,.  Thus, 

heat  =  a  <=T  -  1Us  (V-E-15) 

where  G  is  a  scatter  gain  that  depends  upon  the  particular  target  ma¬ 
terial  employed.  To  make  use  of  this  proportionality,  it  is  necessary 
to  separate  the  scattered  electrons  from  the  reflected  electron  beam. 
The  method  of  separation  is  as  shown  in  Fig.  V-E-21  and  indicates  the 
shape  of  the  beam  at  the  first  dynode  position.  The  primary  beam  is 
seen  spiraling  out  from  the  gun  through  the  limiting  aperture,  past 
the  alignment  plates,  through  the  separation  aperture  of  the  first 
dynode,  past  the  steering  plates,  and  finally  to  the  target. 
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FIGURE  V-E-21 .  Image  Isocon  Beam  Separation  System 


At  the  target,  the  scattered  electron  beam  and  the  reflected 
electron  beam  that  comprise  the  total  return  beam  are  formed.  The 
energy  spread  of  the  scattered  electron  is  always  greater  than  that  of 
either  the  primary-beam  electrons  or  the  ref lected-beam  electrons. 
Therefore,  the  scattered  electron  beam  always  includes  both  the  pri¬ 
mary  and  reflected  beams.  The  scattered  electrons  receive  maximum 
energy  increments  from  high  signal  (white)  areas  of  the  target  and 
minimum  energy  from  low  signal  (dark)  areas,  and  thus  the  maximum 
scattered-beam  diameter  is  dependent  upon  the  signal  at  the  target, 
as  shown  in  Fig.  V-E-22a.  Since  the  reflected  beam  is  included  in  the 
scattered  beam,  its  position  in  the  scattered  beam  must  be  such  that 
removal  of  the  reflected  beam  will  least  disturb  the  collection  of  the 
desired  portions  of  the  scattered  beam  by  the  multiplier. 
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VOLTAGE 
ABOVE 
CUTOFF,  v 


a.  PRIMARY-BEAM  TRANSVERSE  ENERGY  =  0.0  ev 


SM1-7I-I02 


b.  PRIMARY-BEAM  TRANSVERSE  ENERGY  =  0.5  ev 


FIGURE  V-E-22.  Rsturn-Beam  Cross  Section  at  an  Antinode 


If  the  outgoing  (primary)  beam  is  aligned  with  the  magnetic 
focus  field  and  approaches  the  target  perpendicularly,  the  reflected 
beam  leaves  the  target  similarly  aligned.  The  transverse  energy  of 
scattered  electrons  from  low  signal  areas  of  the  target  will  not  be 
very  different  from  that  of  the  reflected  beam,  so  that  both  will  dis¬ 
appear  into  the  separation  aperture,  and  the  result  is  a  black,  clipped 
picture. 

In  order  to  collect  scattered  electrons  with  a  full  range  of 
energies  (representing  all  light  levels  on  the  target),  it  is  necessary 
to  apply  transverse  energy  to  the  primary  beam,  as  shown  in  Fig. 
V-E~22b.  This  may  be  accomplished  by  placing  a  voltage  across  the 


4 
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alignment  plates  and/or  by  increasing  the  current  in  the  auxiliary 
alignment  coils.  Through  this  action,  the  primary  and  reflected  beams 
are  removed  from  the  center  of  the  scattered  beam.  The  most  recent 
simplified  isocon  gun  design  uses  only  noninteracting  electrostatic 
plates  to  align  and  position  the  electron  beam. 

The  target  material  in  the  usual  II  is  an  electronically  con¬ 
ducting  glass.  Because  of  the  superior  noise  characteristics  of  the 
isocon  readout,  the  II  is  reported  to  be  more  sensitivie  than  an  10 
equipped  with  a  similar  target.  However,  an  10  with  an  MgC  target 
will  be  more  sensitive  than  an  II  with  a  glass  target.  For  low-light- 
level  use,  the  II  will  employ  a  wide-spaced  target -to -mesh  assembly  to 
increase  sensitivity  and  reduce  lag. 

b.  Signal  Transfer  Characteristic .  The  output  signal  current  I„ 
of  the  II  is  related  to  the  photocathode  irradiance  Hp  by  the  equation 

Is  =  Gm(GT  '  15  a  KS  TM  VVh  (V-E-16) 

where  the  terms  are  as  described  above,  except  that  G  is  the  scatter 
gain  of  the  isocon  readout  and  Kc  is  a  signal,  reduction  factor  that 
has  been  variously  attributed  to  field  mesh  transmittance  or  incom¬ 
plete  separation  of  reflected  and  scattered  electrons.  The  scatter 
gain  is  reported  to  be  about  two,  and  a  value  of  0.6  will  be  used  for 

V 

The  signal  transfer  curve  reported  for  the  II  is  shown  in 

Fig..  V-E-23.  For  calculations,  GM  is  taken  to  be  535,  T.,  is  0.66, 

-3  w  -4  2  M 

Op  is  3.2  x  10  amp/watt,  and  A  is  7.68  x  10  m  .  The  target  gain 

is  calculated  from  the  signal  transfer  curve,  Eq.  V--E-16,  and  the 

relation  ig  =  Op  A  ET. 
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$J- 11-71.103  PHOTOCATHOOE  IRRADIANCE,  wont/m2,  2G54°K 


FIGURE  V-E-23.  Signal  Current  Versus  Photocathode  Irradiance  Characteristic 

for  the  RCA  C21095  linage  Isocon  and  the  Intensifier  Image  Isocon 


c.  Amplitude  Response.  The  amplitude  response  of  the  II  is  a 
strong  function  of  light  level,  as  can  be  observed  from  the  curves  of 
Fig.  V-E-24.*  This  light-level  dependency  is  the  principal  function 
limiting  sensitivity  at  the  lowest  light  levels.  As  will  be  shown, 
this  sensitivity-degrading  effect  is  considerably  reduced  by  the  ;&dded 
intensifier,  which  is  needed  to  reduce  lag  in  any  case.  No  explanation 


Theue  curves  were  obtained  from  RCA  data  sheet  for  the  Type  C21095 
image  isocon,  dated  March  1968.  RCA  now  claims  improved  response 
(Section  V-E-4-i). 
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fer  * -*  light -lev*  1  O?  amplitude  res$Oft£e  is  offered  at 

this  time. 


i — i — i — i — i — i — i — i — i — < — i — i — i — i — i — i — i — i — i — i 
1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20 


SJ-u-71-104  RESOLUTION,  lint  ptWmn 


FIGURE  V-E-24.  Uncompensated  Horizontal  Square-Wave  Response  for  the  RCA 
C21095  Image  Isocon  at  Various  Input  Photocathode  Irradiance 
Levels.  (See  also  Fig.  V-E-36.) 


d.  Video  and  Display  Signal-to-Noise  Ratio.  The  video  signal- 
to-noise  ratio  is  written  in  the  following  form  for  the  image  isocoi.: 


SNRV,0,1  " 


( 


t2  -2  t2  -2  y2  Y* 

iC  +  iT  +  lBD  +  lgH  +  ip 


(V-E-17) 


where 


•  Ig  is  the  output  signal  current,  given  by  Eg.  V-E-16 
_o 

•  1^  is  the  mean  square  photoelectron  noise,  giver,  by 

(ft,  -  l)2  C2  TM  e  if  is  max/eveh  (V-E-18) 
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w-1 

•  15  the  square  target  noise,  given  by 

XT  =  °M  GT  ^  XS  TM  e  S  max/eveh  (V-E-19) 

2 

•  ^BD  is  the  mean  scluar6  beam  noise  due  to  dark  current,  given 
by 

XBD  =  4  (GT  ‘  2)  KS  e  ^  TM  KD  \  ?max/eveh  (V-E-20) 

-2 

•  I0H  is  the  mean  square  beam  noise  proportional  to  signal  level, 
given  by 


TBH  "  °M  (GT  ‘  15  G  Ks  e  &  Tm  is  max/eveh  (V-E-21) 

—2 

*  ■Lpfl  1S  the  mean  square  preamplifier  noise.. 

In  the  above  expressions,  the  photoelectron,  target,  and 
preamplifier  noises  are  quite  conventional,  but  the  beam-current  noise 
expressions  assumed  require  some  explanation. 

The  dark  current  represents  that  portion  of  the  reflected 
electrons  not  separated  from  those  scattered.  In  optimum  operation, 
this  is  reported  to  be  approximately  5  percent  of  the  highlight  signal 
current  (Qj  -  1)  igp  max/eveh.  In  a  hands-off  camera  operation,  a 
somewhat  higher  value  will  probably  be  necessary,  and  in  these  cal¬ 
culations  it  will  be  assumed  to  be  20  percent*  (j^  =  0.2).  A  second 
component  of  beam  noise  will  be  that  due  to  the  signal  -tself,  as 
represented  by  Eq.  V-E-21.  Both  the  beam  dark  current  and  beam  signal 
noises  are  difficult  to  measure  and  are  probably  variable,  depending 

on  camera  setup,  but  their  impact  on  performance  will  not  be  great  in 
any  event. 


Now  claimed  to  be  5  percent 
is  trivial  in  any  event. 


at  high  light  levels. 


Dark  current  noise 
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The  various  output  a’grul  and  noise  currents  are  plotted  us 
functions  of  input  photocathode  current  in  Fig.  V-E-2S.  At  the  lowest 
light  levels  the  beam  dark  current  dominates,  while  at  the  higher  light 
levels  photoelectron  noise  is  largest,  followed  in  turn  by  target  noise 
and  beam  noise  due  to  signal  xevel.  The  preamplifier  noise  is  neg¬ 
ligible  at  all  light  levels.  The  video  signal-to-noise  ratio  is 
plotted  in  Fig.  V-E-26.  It  is  seen  that  the  II  is  capable  of  very 
high  ratios  at  the  higher  light  levels. 


FIGURE  V-E-25.  Video  Peak-to-Peak  CXjtput  Signal -to-RMS-i\bise  Currents  Versus 
Input  Photocathode  Current  for  the  C21095  Image  Isocon  and  the 
intensifier  Image  isocon 


The  display  signal-to-noise  ratio  is  calculated  as  previously 
explained  and  is  plotted  in  Fig.  V-E-27.  ..  '! 
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FIGURE  V-E-27.  Display  Signal -ho- Ncise  Ratio  Versus  Resolution  for  the  C21095 
Image  Isocon  for  Various  Input  Photocathode  Currents 
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e.  Limiting  Bar-Pattern  Resolution.  Limiting  resolution  versus 
input  photocathode  current  is  determined  by  setting  SKR^/C  =1.2  and 
noting  its  intersection  with  the  SNRp  curve  plotted  in  Fig.  V-E-27. 

The  result  is  shown  in  Fig,  V-E-2S.  The  resolving  power  at  the  higher 
input  photocathode  currents  is  quite  exceptional.  Limiting  resolution 
in  line  pairs/millimeter  is  plotted  for  image  contrasts  of  100  percent 
in  Fig.  V-E-29  and  30  percent  in  Fig.  V-E-30. 


FIGURE  V-E-28.  Limiting  Resolution  Versus  Input  Photccothode  Current  for  the  C21095 
Image  Isocon  and  the  lnter.sifier  Image  Isocon  for  Various  Input  Image 
Contrasts 
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LIMITING  RESOLUTION,  line  pairs/mm 


's 3—19—71  -io9  PHOTOCATHODE  IRRADIANCE,  watts/m2,  2854°1C 


FIGURE  V-E-29. 


Limiting  Resolution  Versus  Photocathode  Irradiance,  Contrast  190%, 
for  the  Intensifier  Image  Isocon  and  the  C21095  Image  Isocon 
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i .  Computed  versus  Measured  Results.  The*  computed  performance 

is  compared  with  the  data-sheet  performance  in  Fig.  V-E-3.1, 


FIGURE  V-E-31 .  Limiting  Resolution  Versus  Photocathode  Irradiance.  Comparison 

of  Computed  Performance  with  Data-Shee*  or  Measured  Performance 
for  the  Intensifier  Image  Isocon  and  the  Image  Isocu.i 


g.  Lag  Character istics .  Lag  was  the  principal  problem  with  the 
early  II,  but  is  much  improved  in  the  recent  versions.  This  charac¬ 
teristic  is  plotted  in  the  form  of  third-field  residual  signal  versus 
photocathode  irradiance  in  Fig.  V-E-32.  Dynamic  resolution  versus 
photocathode  irradiance  is  plotted  in  Fig.  V-E-3 3. 
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FIGURE  V-E-32.  ;igroi  Log  Versus  Photocathode  Irrodlance  Characteristic  for  the 
Intensifler  Image  Isocon  and  the  C21095  Image  Isocon 

h.  Form  Factor.  The  RCA  C21095  image  isocon  is  17.25  in.  in 
overall  length  and  3. 06  in.  in  diameter.  The  diameter  of  the  focus 
coil,  which  determines  the  maximum  diameter  in  use,  will  be  between 
5  in.  and  6  in.,  depending  on  the  weight/power  tradeoff. 

i.  Manuf acturers *  Literature .  A  sample  of  manufacturers*  liter¬ 
ature  on  image  isocons  will  be  found  in  Chart  V-E-2. 

4.  The  Intensifier  Image  Isocon 

a.  Principles  of  Operation.  With  a  cascaded  image  intensifier, 
the  II  becomes  suitable  for  use  as  a  low-light -level  sensor  because  of 
the  resulting  reduction  in  lag  and  improvement  in  the  amplitude - 
response,  photocathode -irradianue  characteristic. 

b.  Signal  Transfer  Characteristic.  As  in  the  case  of  the  10, 
either  40-mm  or  80/40-mm  intensifier s  can  be  used  with  the  II.  If  an 
Intensifier  photocathode  radiant  sensitivity  of  4  x  10  ^  amp/watt  is 
assumed,  the  shift  in  the  signal-current  curve  to  lower  irradiance 
levels  is  a  factor  of  50  in  the  case  of  a  40/40-mm  intensifier,  as 
shoviTi  in  Fig.  V-E-23. 

c.  Amplitude  Response.  For  the  intensifier  image  isocon  (I-II), 
as  for  the  II,  the  amplitude  response  is  light-level  dependent  (Section 
V-E-4-i),  However,  the  characteristics  occur  at  much  lower  light  levels, 


* 
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LIMITING  RESOLUTION,  TV  lines/raster  height 


900 


INPUT  PHOTOCATHODE  IRRADIANCE,  watts/m2  ,  2854°K 
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FIGURE  V-E-33.  limiting  Resolution  Versus  Input  Photocathode  Irradiance  for  the  C21095 
Image  Isocon  as  a  Rjnction  of  Bar-Pattern  Velocity  Across  the  Horizontal 
Reid  of  View  (Data-Sheet  Specification) 
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CHART  V-E-2 


SAMPLE  OF  MANUFACTURER ’  S  LITERATURE 
ON  IMAGE  ISOCONS 


The  units,  definitions,  and  methods  of  measurement 
specified  herein  are  not  necessarily  endorsed  by 
the  authors  but  are  those  used  by  the  manufacturer 
quoted . 


OU(MI 

Electronic 

Components 


Camera  Tuba 

PwiltfroneiTff* 

C21093A 


Image  laoaon 


■  Phottgrtphlc-Guaiity  Pictures 

■  Extrtmely  Simple  Set-Up  Procedure 

■  Wo  Backpound  Shading 

■  Single  Kon-Critical  Beam-Current  Adjustment 

■  V«ry  High  Signal-to-Noise  Ratio 

■  Exceptionally  High  and  Uniform  Raaolution 

■  BMkall  Photocathode 


RCA  Developmental  Typo  C21003A  it  an  image  Itocon 
type  of  television  camera  tube  designed  for  um  In  high- 
definition  T\f  tystame.  Because  of  its  inherently  high  reso¬ 
lution  this  tube  is  also  recommended  for  use  in  hitfi  line 
number  (1000  lines,  or  more)  applications.  The  photo¬ 
graphic-like  quality  of  the  pictures  produced  by  the 
C21003A  exceeds  that  of  any  type  camera  tube  now  avail- 
able  in  live  TV  pickup  system. 

The  C21003A  it  intended  for  operation  in  the  RCA 
AJ2172/V1  yoke  aesembly.  It  may  alio  be  operated  a  the 
AJ2l47-eerles  of  yoke  structuret  provided  the  alignment 
and  auxiliary*!  ip  HnentdrcuiM  in  the  yoke  are  deenergised. 

Mechanically  and  operationally,  the  C21003A  dceeiy  re- 
nxnbtet  a  conventional  3"-diemetar  field-math  type  image 
orthicon  having  dose  target-to-moeh  spacing,  such  at  the 
RCA 0673.  It  differs  operationally,  however,  In  that  it  ha 
much  last  noise  (14  to  16  dB  quieter  in  the  blacks),  ha  • 
greeter  dynamic  range  (at  least  one  order  of  magnitude), 
ha  much  higher  resolution,  end  ha  virtually  sera  dark  cur¬ 
rent.  The  set-up  procedure  used  for  the  C210B3A  is  some¬ 
what  simpler  then  is  that  customarily  employed  with  the 
image  orthicon. 

The  C210B3A  If  similar  to  the  >-wgs  orthicon  in  that  it  em¬ 
ploys  an  itrvtge  action  with  e  photoemlstive  light  sensor  and 
charge-integrating  storage  target  It  also  ha  e  linear  transfar 
characteristic  (unity  gamma}  which  extends  to  the  "knee” 
region,  extremely  lew  lag,  and  high  signal-output  currant 
provided  by  a  five-stage  electron-multiplier  section.  The 
design  of  the  C21O03A  is  such  that  no  external  adjustable 
magnetic-gun  alignment  circuits  or  shading-correction  wave¬ 
forms  era  required. 


A  tsiev'-Jon  camera  using  a  3"-diamatcr,  or  larger,  image 
orthicon  can  be  readily  adapted  to  um  the  C21093A  and  its 
associstad  scanning  and  focusing  coll  assembly,  '  'ypt 
AJ2172/V1.  The  principal  aspects  of  such  s  in¬ 

clude: 

1 .  Proper  dimensional  allowance  for  tht  ./VI  assem¬ 
bly  (18-1/2"  length,  4-7/16"  diameter),  w  i  n  completely 
contains  the  C21003A  end  any  datirud  axial  allowance  for 
optical  focusing  purpoaa  a  well  a  allowance  for  con- 
rator/dbk  dwrtnct. 

2.  Accommodation  for  the  reversed  polarity  (compared  with 
the  imege  orthicon)  of  the  video  output  signal. 

3.  Removal  of  she  target  blanking  pulse  circuitry  normally 
used  for  the  Image  orthicon.  Electron  gun  blanking  (at  grid 
Mo.  Disused. 

4.  Provisions  for  the  higl^r  operating  voltages  r squired  by 
the  C21083A. 

6.  Provision  for  IN  specified  focusingcoil  current  of  bGC 
rr.A. 

6.  Um  of  convention^  double-frame  35-mm  optics  to  Illum¬ 
inate  the  1.4"  mer.imuin  usable  photocathcde  diameter  of 
the  C21083A.  The  reeuitirig  field  of  view  it  reduced  modsr- 
eteiy  compared  with  the  "normal"  field  of  view  of  the  Inns 
system. 

7.  Provision  for  required  voltage  for  the  electrostatic  stewing 
and  mtaiignment  electrodes.  A  low-currant  adjustable  dc 
voltage-divides  network  similar  to  that  used  for  cathode-ray 
oscilloscope  centering  circuits  is  satisfactory. 

6.  PoMibis  modification  of  deflection-circuit  impedance 
matching  especially  In  the  horizontal  deflection  system. 


fa  lurtlw  infoi  TsUion  or  sfpltutsn  wuUnct  on  this  Sfvici,  coituct  your  RCA  Sain  RsprsHMstivs  o*  writs  Csmtrs  Tubs  Msrktting.  RCA,  UncMss,  PA  17(04. 


DavaJapmontal  lypa  itvicai  w  matariatl  art  ManM  Ir 
•offiNrtn)  Miwt«i  Tht  type  4mijnm»r.  *4  Ma  art 
Mbjact  It  rtiv,  vrhn  tthtfntiat  mrmpi,  Nt  iHifttrtm 
an  aawmtf  I*.  .Mt*ct  if  chtflfg  tr  future  mtnwfactwn  at 
rtw«  Prvtcn  tr  m,attrWi. 


ffffarimtit*  Imrnidwd  by  RCA  k  belitve4  It  be  acewrata  arid 
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prttfrt  npbti  ef  RCA. 
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Preceding  page  blank 


C21093A 


Camera  Design  Notn 

1.  Unless  otherwise  noted,  the  specified  voltage  velues  are 
referenced  directly  to  the  thermionic  cathode  which  Is 
grounded.  No  significant  impedances  should  be  introduced 
between  the  cathode  and  power-supply  return  points 
("grounds").  The  resistance  of  normal  circuit  conductors  is 
deemed  insignificant. 

2.  Designers  familiar  with  conventional  image  orthicon 
circuitry  are  urged  to  nota  the  following  differences  when 
designing  circuits  for  use  with  the  C21093A. 

2.1  Gun  (beam)  blanking  is  used  Instead  of  target 
blanking. 

2.2  The  polarity  (sense)  of  the  isocon  output  video 
signal  is  the  inverse  of  that  of  conventional  image  orthi- 
cons. 

2.3  Althouj^i  a  separate  connection  is  provided  for  the 
"persuader"  multiplier  focus  electrode  G3,  its  design  is 
such  that  best  operation  is  obtained  when  G3  and  G4  are 
tied  together.  This  eliminates  a  control. 

2.4  The  annular  decelerator  electrode,  G5,  featured  in 
most  image  orthicons  is  not  used,  nor  provided  in  the 
C21093A.  The  designator  "G5"  has  b*en  reassigned  to 
the  field  mesh. 

2.5  The  insertion  of  shading  signals  is  neither  recom¬ 
mended  nor  necessary.  This  eliminates  2  or  4  controls. 

2.6  The  C210B3A  will  NOT  operate  properly  at  any 
beam  focus  loop  number  other  than  that  obtained  by  the 
application  of  the  magnetic  and  electric  focus  fields 
shown  under  Typical  Operation. 

2.7  Automatic  beam  control  is  not  needed. 

3.  The  gain  of  the  electron  multiplier  output  section  is 
readily  varied  by  adjustment  of  Its  operating  voltages.  De¬ 
pending  on  the  range  of  control  requind,  the  voltage  in  one 
or  several  dy nodes  may  be  made  adjustable.  The  following 
precautions  should  be  observed. 

3.1  Oo  not  vary  dynode-No.1  voltage  for  gain-control 
purposes. 

3.2  Under  most  conditions,  adjustment  of  only  dynode- 
No.3  voltage  is  the  preferred  gain  control  mode. 

3.3  Under  no  circumstances  should  operation  be  at¬ 
tempted  where  the  voltage  on  a  given  dynode  Is  outside 
the  range  established  by  the  two  adjacent  dynodes,  i.e., 
Sdyn  l  <  Edyn  <  ^Vn+I- 

Operation  outside  of  these  limits  will  not  damage  the 
tube  but  will  result  in  entirely  unsatisfactory  multiplier 
action.  (This  requirement  is  not  unique  to  the  C710S3A- 
the  principle  applies  generally  to  electron  multiplier 
equipped  camera  tubes). 


3.4  If  sevt'al  dynode  voltages,  including  that  of  dynode 
No.5  art  varied  simultaneously,  care  should  be  taken  to 
avoid  allowing  the  voltage  between  dynode  No.5  and 
anode  to  vary  to  the  point  where  anode  collection  effici¬ 
ency  is  reduced.  A  practical  minimum  voltage  for  E;,  - 
E(jy5  is  35  volts. 

4.  "Raster  zoom",  at  least  4:1,  can  be  employed  without 
damage  to  the  tube.  Resolution  degradation  can  be  expected 
to  the  same  degree  as  the  change  in  scan  size. 

5.  Raster  orientation  (See  Data)  is  extremely  Important. 
Vertical  scan  reversal  is  normally  not  recommended  end 
should  not  be  used  without  contacting  your  RCA  field  rep¬ 
resentative  for  factory  recommendations  concerning  your 
system. 

6.  Scan-feilure  protection.  Nothing  olaborata  is  needed  as 
long  as  grid-No.1  voltage  does  not  fall  to  zero.  In  this  con¬ 
text,  note  that  a  normal  shutdown  of  equipment  could  cause 
damage  unless  the  coupling  time  constants  are  such  that  the 
(negative)  Gi  voltage  wil!  decay  more  slowly  than  the  (posi¬ 
tive)  voltages  on  G2  end/or  G4. 


Oata 

General; 

Direct  Interelectrode  Capacitance: 

Anode  to  ell  Oilier  electrodes  .  12  pF 

Targst-to-Mesh: 

Spacing  .  0.001  in  I0.02S4  mml 

Capacitance . 200  pF 

Photocethode,  Semitransparent: 

Spectral  Response  .  Sea  Figure  2 

Window  Material  . Corning  No.7066.  or  equivalent 

Photocethode  Materiel  .  Bialkali  I  Cesium-Potassium- 

Antimony) 

Useful  ilia  of  Image  . 1.4  In  136  mml  mas.  Diagonal 

Nota:  The  tire  of  the  optical  image  focused  on  the  photocathode 
should  be  adjusted  so  that  Its  maximum  diagonal  does  not  exceed 
the  specified  value.  The  corresponding  electron  image  on  the 
target  should  have  a  sin  such  that  the  coman  of  the  rectangle 
just  touch  the  target  ring. 

Orientation  of . Proper  orientation  is  obtained  whan  the 

vertical  seas  is  essentially  parallel  to  die  plana  passing  through 
the  canter  of  the  faceplate  and  the  index  pin  7  position  of  the 
shoulder  ban.  The  horizontal  and  vertical  seen  should  start  at  the 
comer  of  the  rwtar  between  pint  2  and  3  of  the  thou  leer  ban. 

Foctaing  Method  . Magnetic 

Deflection  Method  . Magnetic 

Shoulder  Bne  . Jumbo  Annular  Sevenar  4-Fin 

(Sea  Dimensional  Oudinal 

End  Ban  . SmsM-ShcII  Btdecal  2M>in 

(JEDEC  NO.B20-102) 

Sockets  .  Sea  footnote  a 

Associated  Scannmgond  Focusing- 

Coil  Assembly  . RCA  Type  AJ2172/V1,  or  equivalent 

Operating  and  Storage  Position . Any 
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Muinhim  tnd  Minimum  Rating!.  Abidutt-Moximum  t/thm.t 

Vottagn  art  with  retpect  to  thermionic  cathode  unlett  otherwiie 
tpecifled. 

Faceplate: 

lrradiancac  .  .  . .  26  max.  W/m^lwattr/iquara  malar) 

/  60  ma  ■  Im/ft^  Ifc) 

llluminancac  ...  ,  „  , 

1600  max.  Im/m-  (lux) 

Temperature: 

Any  part  of  bulb*1 .  60  max.  °C 

Tamparatura  Diffartnca: 

Between  target  taction  and  any  part  of  bulb 

hotter  than  target  taction .  6  max.  °C 


Heater,  for  Unipotential  Thermionic  Cathode: 

Ac  or  dc  currant  (pin  N3.1  and 

Pin  No.i.0)  . 


J0.63  max. 
1 0.67  min, 


Peak  Heater  kathode  Voltage: 

Heater  nagt  .  with  retpoct  to  cathode  ....  126  max.  V 

Heater  potitive  with  retpect  to  cathode  ....  10  max.  V 

Pfjotccathode  Voltage  (Epj) . 1000  max.  V 

Srid-No.8  Voltage  (Egg)  .  760  max.  V 

Target  Voltage  (Et): 

Potitive  value  .  10  max.  V 

Negative  value .  10  max.  V 

Grid-No.6  (Fieiri-Meth)  Voltage*  (Egg) . Eyt  +50  max.  V 

Grid -No.4  Voltage  (Egg)  .  600  max.  V 

G  ld-No.3  Voltage  IEg3) .  600  max.  V 

Grid-No.2  Voltage  (Egg) . *60  max.  V 

Grid-No.  1  Voltage  IEg1) . -160  to  -40  max.  V 

SteeringPlate  Voltage: 

Platt  SXf  IE,  x  i)  . 600  max.  V 

Plati  SX j|E,  x  2*  600  max.  V 

Mitalignment -Plate  Voltagtt 

Plate  SY,  IE,  y  ,)  600  max.  V 

Plata  SV2  (E,  y  2)  600  max.  V 

Anode  Voltage  (Eg)  .  1800  max.  V 

Voltage  Between  Adjacent  Dynodet* .  600  max.  V 

Typical  Operating  Vaiuecl 

Sttfe??lty  of  pcuir  aupofy  and  divider  network  circuitry  AouM  In 
tuch  that  the  operating  walutit  specified  Mow  art  field  within  the 
Indicated  limit*. 

Heater  Current  .  ±5% 

Focus  Coil  Currants  (The  values  of  currants 

for  which  this  regulation  requirement  applies 

are  contained  in  the  data  sheet  describing  the 

magnetic  component,  a.g.,  AJ2172/V1  .  *0.4% 

Grid -No.4  Voltage  (As  adjusted) .  ±0.2% 

Other  dc  Voltages  (Fixed  or  as  adjusted)  . ±1.0% 

f+S0% 

Esam  Blanking  Pulse  Voltage . * 


Voltages  are  with  reaped  to  thermionic  cathode  unless  other* 
wise  specified.  Nominal  efactrode  currants  for  control  circuit 
dsslfi  are  shown  with  the  fleet  rode  voltages.  The  specif  led  current 
values  include  leakage. 

Heater  for  Unipotential  Cathode:  I Qe tween  pins  1  end  20) 

Current  . . .  0.6  A 


Voltage  (Nominal,  for  current  of  0.6A) . 6.3  V 

Photocathode  Voltage  ( Image  Focui)h . -700  to  -900  V 

Current  .  100  H*. 

or  less 

Grid-No.6  Voltage  (Acceleretor) -Approximately 

63%  of  Cathode  Voltage .  440  to -5701  V 

Current . 100  JJA. 

or  less 

Target  Voltage  Above  Cutoff* .  2.6  V 

Currant  .  100  HA, 

or  less 

Grid-No.5  (Field-Mesh)  Voltage* .  Egg  +12  V 

Current  .  100  H*. 

or  less 

Grid-No.4  Voltage™ .  400  to  440  V 

Current  .  10  HA 

Grid-No. 3  Voltage .  Connect  to  grid  No. 4 

Current . 10  HA 

Giid  No.2  Voitage .  400  V 

Current  .  200  HA 

Grid-No.  1  Voltaga  for  Picture  Cutoff . -120  to  -60  V 

Current  .  10  HA 

Steering  Piete  Voitage  and  Current: 

(Center  voltage  same  value  as  grid  No.4) 

Between  plate  SXj  and  plate  SXj- 

Voltage  .  0  to  +70  max.  V 

Current  including  leakage .  10  HA 

Misalignment  Plate  Voltage  and  Current: 

(Center  voltage  same  value  as  grid  No.4) 

Between  plate  SYj  and  plate  SYj  - 

Voltage  .  0  to  *70  max.  V 

Current  including  leakage .  10  HA 

Dynode-No.1  *  oltege .  370  V 

Dynode-No.2  Voltage .  700  V 

Dynode-No.3  Voltage0 .  750  to  1050  V 

Dy  node -No.*  Voitage  . 1350  V 

Oy  node -No.  5  VoltegeP  . 1650  V 

Anode  Voltage  . 1700  V 

Current .  26 

Targot  Tamparatura  Range  . 35  to  60  °C 

Beam  Planking  Voltaga  (Applied  to  grid  No.1): 

(Peek  to  peak) .  40  V 

Field  Strength  at  Center  of  Focusing  Coii 

(Approx. )d  .  70  G 


Performance  Characteristics  Range  Values:* 

With  conditions  shown  under  Typical  Operating  Values,  picture 
highlights  at  knee  of  the  light  transfer  characteristic,  525  line 
scanning,  interlaced  3:1,  frame  time  of  1/30  second,  and  1.4"  pic¬ 
ture  diagonal  with  4x3  aspect  ratio. 


Min.  Typieal  Max. 


Ctthodt  Rtditnt  Stniltlvity 
it  400  ntnomtltn  . 

.  -  0.08 

A/W 

Cithodi  Lumino-ji 

S«ni)t!v<ty . 

60  100 

_ 

jJA/im 

-Output  Currant 
(PMk  to  pMk)r  . 

4  7 

_ 

flh 
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Mornwci  Qwaitirfitlea  (Cant'd.) 


Pfcotocathoda  Illumination  at 
3064°  K  Required  to  Reach 
"Krree”  of  Lig ht  Transfer 

Mn. 

Typical 

ftba a 

lm/ft2 

Characterise  . 

Photocsthoda  Irradianca  at 

400  nm  Required  to  Raach 
"Knaa"  of  Transfer 

0.01 

0.03 

Charactariitic . 

Signal. to-Noiia  Ratio:* 

Signal  to  noiw-in-iignal 

to4 

W/m2 

for  highlight!  . 

Highlit  tignal  to  dart 

36 

' 

dB 

currant  noisa  . 

Amplitude  Ratponre  at  400  TV 
Lines  par  Picture  Haight  (Par 
cant  of  larga-area  black  to 

44 

dB 

!arp*araa  »*♦>««)* . 

Limiting  Resolution: 

70 

so 

% 

At  can  tar  of  picture  ..... 

850 

1000 

TV  Unaa/ 
Picture  Haight 

At  comer  of  picture  ..... 

Lag-Par  cant  of  Initial  Signal 
Output  Currant  1/20  Second 
After  Illumination  It 

761 

960 

TV  three/ 
Picture  Hat^ft 

Ramovad  . .  - 

Uniformity:11 

Ratio  of  Shading  (Background) 
Signal  to  Highlit 

5 

to 

% 

Signal  ............... 

Variation  of  Highlight  Signal 
(Par  cant  of  maximum 

2 

6 

% 

highlit  tignal) . 

- 

12 

20 

% 

•  Bom  tin  and  bait  locket  and  shoulder  baaa  aockat  art  supplied 
ii  part  of  the  RCA  anambfy  AJ2172/V1 . 

*>  Tha  maximum  ratings  in  tha  tabulatad  data  ara  attaWithad  in  ac¬ 
cordance  with  tha  following  definition  of  tha  Abtoluta-Maximum 
Rating  Syttam  for  rating  aiactron  davicai. 

Abeotute-Maximum  rating  ara  .imiting  value!  of  operating  and 
anvironi.tental  eondltlont  applicable  to  any  electron  davica  of  a 
weeified  typa  atdafin ad  by  in  publithad  data,  and  ihoukf  not  ba 
axcaadad  undar  tha  wont  probable  condition!. 

Tha  davica  manufacturer  chootet  thata  vaiuat  to  provida  accept- 
able  Mrvicaability  of  Ihe  device,  taking  no  retoontibility  for 
equipment  variation!,  anvironmant  variation!,  and  tha  affect!  of 
changtt  in  operating  condition!  due  to  variation!  In  device  char- 
acterittic!. 

Tha  equipment  manufacturer  ihoukf  deiign  ki  that  initially  and 
throughout  life  no  Abeotuta-Maximum  value  for  tha  intended 
mvice  ii  axcaadad  with  any  davica  undar  tha  wont  probable  op¬ 
erating  condition!  with  retract  to  tupply  voltage  variation,  aqu ip- 
mar,  t  component  variation,  equipment  control  adluitment,  IPad 
variation,  lignal  variation,  environmantal  condition!,  and  varia¬ 
tion!  in  davica  charactariitict. 

c  Faceplate  illuminance  ii  limited  to  50  im/ft2  continuoutiy.  An 
expoture  of  104  lm/ft2  fc  a  maximum  period  of  5  wcondi  can 
be  tolerated  provided  thr  ry  cycle  limit!  tha  average  value  to 
50  lm/ft2. 


4  Operation  outelda  of  tha  Raedmmandad  Target  Temperature 
Range  mown  under  Typical  Operating  Value!  wHi  not  damagi 
tha  C21083A  provided  tha  Maximum  Temperature  Rating-  of 
tha  tuba  ara  not  axcaadad.  Optimum  performance,  however,  la 
only  obtained  whan  tha  tuba  la  operated  within  tha  Recom¬ 
mended  Target  Temperature  Range. 

*  With  reepact  to  rid  Nc.4.  Grid-No.B  (fMdmaeh)  voltage  mult 
never  ba  lew  than  mat  of  rid  No.4. 

*  Dynode  voltage  valuaa  are  mown  undar  Typical  Oparottrg  Valuae. 

*  With  tha  C21003A  within  an  RCA-AJ2172/V1  tcanning  and 
focuPngootl  areambty. 

h  Adfuet  for  bait  focut.  Nominal  value  ll  -770V,  Thla  value  la  de¬ 
pendent  upon  the  location  of  the  tuba  wlthl  i  dw  yoke  eeeerebty 
with  reepact  io  dw  and  of  tha  focuelng  field. 

i  Nominal  value  it  -489  V.  Tbit  voltage  mould  ba  obtained  by 
maane  of  a  voftege  divider  network  between  photocathode  and 
“round".  Tha  raaiatanca  valuaa  mould  ba  choaan  to  in  die  grld- 
No.6  voltage  at  tha  recommended  63%  value  of  photocathode 
voltage  vmteh  provider  ban  focut. 

•>  Narmd  retting  of  target  voltage  it  +2.5  voitt  from  target  cutoff. 
Terget  cutoff  It  normally  within  one  volt  of  thermionic  cathode 
potential.  Tha  target  tupply  voltage  mould  ba  adfuttabie  from  -3 
to +6  voitt. 

m  Adjutv  for  beat  focut.  Tha  fbcuilng  current  of  tha  awoclatad 
auambly.  a*,  AJ2172/V1,  mould  ba  atftuned  to  heap  grld-No.4 
voltaga  within  in  recommended  -.oltaga  range.  Grid -No.4  voitagt 
mutt  ba  kept  within  thli  range  to  Inaure  6  focut  loop!  in  tha 
tcanning  taction. 

n  Ad|utt  for  required  tignal  currant. 

P  The  gain  of  tha  aiactron  multiplier  may  ba  varied  to  obtain  tha 
output  currant  from  a  given  tuba  moat  auitable  for  tha  awoclatad 
video  amplifier.  Gain  can  ba  control  lad  by  ad|utting  tha  voluga 
on  one  or  two  of  tha  latter  dynode  i  rages:  dynodn  No.3  il  tha 
preferred  nage.  To  incmaw  tha  range  of  pain  control,  the  volt¬ 
age!  on  dynode  Noa.  3  and  5  may  ba  ilmultlnaoutly  adjusted. 

R  Direction  of  current  mutt  ba  mch  that  a  north-taaking  pole  it 
attracted  to  tha  image  and  of  tha  focuting  coll. 

'  Dynode-No.3  voltaga  It  1 100  voitt. 

'  Tha  valuai  mown  are  mawurad  undar  tha  following  condition! 
uting  a  Video  Noire  Mater,  Modal  UPSF  (North  American  Var- 
tion),  or  aquivaiant.  Thit  mater  it  manufactured  by  Rohde  and 
Schwarz,  Munich,  Watt  Germany. 

Noire  Mater:  Video  pare  band  it  ehapad  by  meant  of  relf-con- 
tained  100  kHz  hl<pi-pett  and  4.2  MHz  low -pass  filter!. 

Signal  to  noiw-in-iignal  for  highlight!  It  (matured  with  lent  un¬ 
capped  viewing  c  uniform  white  field;  hij/ilipht  lignal  to  dark 
currant  noire,  with  tha  lam  capped. 

*  Measured  uting  an  RCA  Tett  Pattern  ityie  P200  with  the  fre¬ 
quency  retponia  of  tha  video  amplifier  lyttem  (etren-iaily 
"flat")  adiuilad  for  uniform  retponia  to  all  ican-ganaratad  video 
frequenciei.  Subitantialiy  identical  measurement!  will  ba  ob¬ 
tained  by  uting  a  "multi-buret"  tett  pattern  with  an  amplifier 
haying  flat  |±  0  1  dB)  frequency  ratponre  to  at  lean  14  MHz. 

u  Variation  of  retpome  over  scanned  area. 
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Set  -Up  Procedure 

The  set-up  procedure  described  Mow  should  b«  followed 
carefully  to  obtain  optimum  parformanca  from  the  C21 003 A. 
Before  the  specified  voltages  drown  under  Typkti  Optrtting 
Vbltm  art  applied  to  dvr  tube,  the  scanning  coil,  tube  fila¬ 
ment  and  focusing  coll  should  be  energized.  Focusing  coll 
current,  using  the  RCA  eaembly  AJ21 72/VI  should  be  ad¬ 
justed  to  600  mllllamperas.  The  following  steps  dtould  then 
be  followed  sequentially. 

Step  1:  Light  should  be  admitted  to  provide  a  nominal  face- 
plate  Illumination  of  0.01  to  0.1  lumen/ft?  (footcandle). 
This  is  a  very  Important  step  for  all  Image  orth icons  and 
image  laocons. 

Step  2:  The  voltega  values  specified  under  Typkti  Optrt¬ 
ting  Vtlum  may  then  be  applied  to  the  tube  with  the  excep¬ 
tion  that  the  staeri opiate  and  misalignment  pitta  differ¬ 
ential  voltages  are  set  to  the  voltage  values  supplied  with  the 
tube  or  to  +26  volts. 

Step  3:  Grid-No.  1  voltage  is  adjusted  to  provide  a  smaii 
amount  of  beam  current  to  that  video  Information  appears 
on  the  monitor. 

Sup  4:  To  center  the  image  on  the  target,  adjust  the  de¬ 
flection  circuits  to  that  the  beam  will  "overscan"  the  target. 
Note  that  ovencanning  the  target  results  In  e  smaller-than- 
normal  picture  on  the  monitor.  After  cantering  the  Image, 
return  to  normal  scan  size. 

Step  6:  Grid-No.?  voltage  is  readjusted  to  fully  discharge 
the  target 

Step  6:  Optical  elements,  photocathode  voltage  (imageeec- 
tion  focus),  and  tpid-No.4  voltage  (scanning-section  focus) 
are  adjusted  to  provide  best  focus.  The  proper  setting  for 
grid  No.4,  about  420  volts,  is  that  vaiua  providing  best  reso¬ 
lution  regardless  of  picture  polarity. 

Step  7:  Increase  positive  EB<i  -Elx2  to  picture  cut-off  and 
back  off  to  beet  picture. 

Slap  8:  Reduce  target  voltage  to  cut-off  and  set  EufEug 
to  the  minlrryim  positive  value  that  eliminates  bright  edges. 

Step  9:  Increase  target  voltage  by  approx.  2.6  volts  and 
adjust  Eyy i  -Eyy2  for  best  uniformity.  Readjust  beam  if 
nacessary. 

Step  10:  Reduce  target  voltage  to  determine  new  cut-off 
value.  Target  voltage  was  changed  by  the  adjustment  of 
Esyi-Esy2-  Se  target  voltage  to  2.5  ±  0.2  volts  above  cut¬ 
off. 


Principles  of  Operation 

Similar  to  the  conventional  image  orth  icon,  the  C21083A 
has  three  functional  sections-  an  image  section,  a  scanning 
section,  and  an  electron-multi  oiler-type  signal  current  ampli¬ 
fier  section-  as  shown  in  Figure  1.  Operation  of  both  the 
Image  section  and  the  multiplier  section  it  identical  to  that 
of  the  conventional  image  orth  Icon.  The  behavior  of  the 


scanning  beam  of  tha  image  laocon,  however,  differs  from 
that  encountered  In  the  Image  orthicon. 

Scanning  Operation 

The  charged  target  It  scanned  by  a  low-velocity  electron 
beam  produced  by  a  conventional  electron  gun.  The  primary 
(outbound)  beam  receives  tha  required  amount  of  trans¬ 
verse  energy  and  the  proper  trajectory  to  pest  through  the 
beam-separation  structure  by  means  of  transverse  fields  es¬ 
tablished  by  the  electrostatic  alignment  pletas. 

The  beam  emerging  horn  the  beam-separation  structure  it 
focused  at  the  target  by  the  magnetic  Reid  of  the  external 
focusing  coils,  the  electrostatic  field  of  the  wall  electrode 
(pid  No.4),  and  die  field  mesh  (grid  No.6).  Under  the  In¬ 
fluence  of  these  fields,  tech  electron  traverses  a  helical 
path;  the  paths  converging  at  the  target.  The  fields  of  the 
horizontal  and  vertical  steering  plates  era  used  to  deflect 
electrons  of  the  prime,  y  and  return  beams  to  allow  control 
over  btem  trajectory.  Scanning  Is  accomplished  by  trans¬ 
verse  magnetic  fields  produced  by  the  external  scanning 
coils. 

By  proper  adjustment  of  electrode  voltages  Including  those 
of  the  field  mesh  (grid  No.6)  and  grid  No.4,  the  beam,  re¬ 
gardless  of  Its  lateral  deflection,  it  caused  to  approach  the 
target  at  a  fixed  antfa  with  zero  or  nearly  zero  velocity.  The 
beam  deposits  sufficient  electrons  to  neutralize  the  positive 
charges  accumulated  during  the  preceding  frame  time.  Beam 
electrons  having  insufficient  energy  to  reach  tha  target  ara 
specularly  reflected  and  constitute  part  of  the  return  beam. 
Beam  electrons  reaching  the  target  at  positively  charged 
areas  but  not  captured  are  scattered  and  also  become  pert 
of  the  return  beam. 

The  term  scattered  electrons  applies  exclusively  to  the  notv 
specularly  reflected  electrons  obtained  when  the  beam  inter¬ 
acts  with  tha  surface  of  the  target  and  era  thus  distinguished 
from  the  remainder  of  the  returning  electrons  which  ara 
termed  reflected  electrons.  The  number  of  scattered  elec¬ 
trons  obtained  is  at  a  maximum  in  the  limited  portions 
(positively  charged  areas)  and  essentially  zero  in  the  dark 
portions  of  the  target.  (It  is  to  be  noted  that  although  the 
total  return  beam  is  a  minimum  in  the  britfit  areas  of  tha 
target  where  electrons  are  deposited,  the  number  of  scat¬ 
tered  electrons  is  a  maximum).  The  totai  return  beam  re¬ 
mains  under  the  influence  of  the  magnetic  field  of  the  fo¬ 
cusing  coil  end  the  electrostatic  field  of  grid  No.4.  The 
Mices  described  by  tha  scattered  electron  portion  have 
greater  diameters  than  those  described  by  the  reflected 
electrons.  The  return  beer. 1  now  comes  under  tha  influence 
of  the  field  of  the  steering  plates  and  is  directed  toward  the 
beam-separation  edge.  The  beam-separation  edge  passes  the 
scattered  electron  portion  of  the  return  beam  end  captures 
the  reflected  electron  portion.  The  scanned  electrons  ac¬ 
cordingly  strike  the  first  dynode  of  the  multiplier  section. 
As  e  result,  secondary  emission  occurs.  The  emitted  sec¬ 
ondaries,  after  multiplication,  are  collected  by  the  anode  as 
the  signal  output  current. 
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as  is  shown  in  Fig.  V-E-34,  wherein  the  sine-wave  response  of  the  in¬ 
tensifier  and  the  square-wave  responses  of  the  II  are  plotted  for  var¬ 
ious  Input  photocathode  irradiances. 


s 3-U-71-I w  RESOLUTION,  line  polri/mm 


FIGURE  V-E-34.  Uncompensated  Horizontal  Square-  or  Sine-Wave  Response  for  the 
Intensifier  image  Isocon  for  Various  Photocathode  Irradiance  Levels 


d.  Video  Signal-to-Noise  Ratios.  In  view  of  the  reduced  beam 
noise  of  the  II,  the  additional  gain  provided  by  the  intensifier  is 
sufficient  to  make  the  I-II  photoelectron  noise  limited.  Thus,  the 
video  signal-to-noise  ratio  becomes 
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FIGURE  V-E-36.  Uncompensated  Horizontal  Square-Wave  Response  for  the  C21095 
Image  Isocon,  as  Reported  by  RCA 


In  more  recent  correspondence,  RCA  provided  the  MTF  cuives 
shown  as  the  solid  lines  in  Fig.  V-E-36.  The  dashed  curves,  corre¬ 
sponding  to  roughly  equivalent  irradiance  levels,  were  taken  from  Fig. 
V-E-24.  As  can  be  seen,  the  more  recent  curves  show  that  the  MTF  of 
the  image  isocon  is  irradiance -level  dependent,  and  the  falloff  is  at 
a  rate  comparable  to  that  previously  given  in  the  data  sheet  of  April 
1968.  The  absolute  values  are  much  higher,  however.  Thus,  a  reevalu¬ 
ation  appears  to  be  indicated.  This  would  require  more  data  regarding 
the  specific  tube  on  which  the  new  MTF  curves  were  measured. 

The  measured  limiting  resolution  versus  photocathcde  irradi¬ 
ance  curves  correlate  closely  with  those  calculated  in  this  section. 

As  far  as  is  known,  no  exceptions  have  been  taken  to  these  results. 
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F.  THE  SILICON  ELECTRON  BOMBARDMENT  INDUCED  RESPONSE  CAMERA  TUBE 
AND  ITS  INTENSIFIED  VERSION 

The  SEBIR  camera  tube  is  the  most  promising  new  tube  now  in  de¬ 
velopment  for  low-light-level  imaging  applications .  Barring  unforeseen 
difficulty,  this  tube  bids  fair  to  replace  all  other  tubes  for  this 
purpose.  At  this  writing,  a  number  of  good,  operable  tubes  have  been 
constructed  and  tested.  The  principal  remaining  problems  are  to  in¬ 
crease  sensor  amplitude  response  and  to  eliminate  blemishes.  The  am¬ 
plitude  response  is  currently  limited  by  the  size  of  the  SEBIR  target, 
the  spacing  of  diodes  in  the  target  structure,  the  target  thickness, 
and  the  electron  scanning  beam.  The  blemishes,  due  to  target  imper¬ 
fections,  appear  as  bright,  white  spots.  Because  of  these  blemishes, 
current  tube  yields  are  low,  resulting  in  high  tube  prices  and  low 
availability.  The  blemish  problem  is  being  rapidly  resolved,  however. 

In  format,  the  typical  SEBIR  tube  is  similar  to  the  SEC  camera 
Lube  discussed  in  Section  V-D.  The  photocathode  is  usually  an  S-20 
or  an  S-25  photoemitter  followed  by  an  electrostatically  focused  image 
section  and  the  SEBIR  target.  This  target,  like  the  SEC  target,  am¬ 
plifies  and  stores  the  image  prior  to  readout  by  the  scanning-electron- 
beam  readout  section.  However,  the  gain  of  the  SEBIR  target  is  10  to 
20  times  higher  than  the  SEC  targ  t,  so  that  the  SEBIR  is  of  quite 
high  sensitivity  even  without  an  intensifier.  A  SEBIR  camera  is  com¬ 
parable  in  operational  simplicity  to  the  SEC  camera  and,  in  addition, 
it  is  much  less  subject  to  image  burn-in,  either  temporary  or  perma¬ 
nent.  With  an  intensifier,  the  SEBIR  becomes  photoelectron-noise 
limited  since  overall  gain  is  then  more  than  sufficient  to  make  the 
preamplifier,  and  all  other  system-generated  noises,  negligible.  We 
will  remark  here  that  neglecting  the  spatial  filtering  effect  of  the 
sensor’s  apertures  on  the  photoelectron  noise  is  more  serious  for  the 
I-SEBIR  than  for  the  I -SEC,  vdiere  the  noise  is  a  mixture  of  preampli¬ 
fier  and  photoelectron  noise.  Hence,  the  performance  of  the  I-SEBIR 
as  predicted  herein  will  tend  to  be  pessimistic. 

The  SEBIR  target  consists  of  a  matrix  of  silicon  diode  elements. 
The  amplification  of  signal  current  is  due  to  an  electron  bombardment 
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induced  response  (EBIR)  effect  which  takes  place  within  the  target. 

The  maximum  resolving  power  (or  amplitude  response)  of  the  matrix  is 
partly  limited  by  the  density  of  the  diodes.  In  current  practice, 
this  density  is  about  650  by  850  or  550,000  elements  in  a  3/8-  by 
1/2-in.  area. 

The  silicon  diode  matrix  target  is  also  used  as  a  photoconductor 
in  the  silicon  vidicon.  In  this  mode,  the  silicon  matrix  array  con¬ 
verts  s  ene  photons  to  electrons  and  stores  the  image  for  subsequent 
readout  but  provides  no  gain.  As  used  in  the  3EBIR  tube,  the  silicon 
diode  matrix  target  amplifies  and  stores  the  photoelectron  signal  gen¬ 
erated  by  an  entirely  separate  photoemitter.  The  silicon  vidicon 
should  not  be  confused  with  the  SEBIR  tube ,  for  the  latter  tube  is 
many  factors  of  ten  more  sensitive. 

1.  The  Silicon  Electron  Bombardment  Induced  Response  Camera  Tube 

a.  Principles  of  Operation.  The  SEBIR  tube,  shown  schematically 
in  Fig.  V-F-l  is  identical  to  the  SEC  tube  shown  in  Fig.  V-D-l,  except 
that  the  SEC  target  is  replaced  by  the  SEBIR  target  and  the  suppressor 
mesh  is  deleted.  The  SEBIR  tube  is  also  identical  in  operation  except 
for  the  detailed  gain  mechanism  within  the  target. 


FIGURE  V-F-l .  Cross  Section  of  a  SEBIR  Camera  Tube 
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Target  opeiation  is  described  by  reference  to  Fig.  V-F-2. 
Suppose  the  n-type  silicon  slice  to  be  biased  approximately  10  v. 
positive  with  respect  to  reading -electron-beam  cathode.  By  scanning 
the  back  surface  of  the  target  with  the  electron  beam,  the  p-type 
islands  and  the  SiC^  surface  are  charged  to  the  read-gun  cathode  po¬ 
tential,  and  the  p-n  junctions  become  reverse  biased.  In  effect,  a 
junction  capacitor  is  formed  at  each  diode.  Because  of  the  low  leakage 
current,  this  bias  is  retained  during  the  frame  time  period  when  no 
signal  photoelectrons  are  incident.  When  a  photoelectron  image  is 
incident  on  the  target,  "holes  are  generated  in  the  n-type  silicon. 

These  holes  diffuse  to  the  p-type  islands  and  alter  the  charge  on  the 
diodes.  The  input  photoelectrons  are  accelerated  to  the  target  with 
relatively  high  energy  (about  10  kev).  For  each  3.4  ev  of  electron 
energy,  one  hole-electron  pair  is  formed  in  the  n-type  silicon,  on  the 
average.  Theoretically,  2830  hole -electron  pairs  are  generated  within 
the  n-type  silicon  for  each  10-kev  photoelectron.  This  is  equivalent 
to  a  signal  amplification  of  the  same  amount.  The  actual  gain  is 
somewhat  less  and  is  controlled  by  the  loss  of  holes  due  to  recombina¬ 
tion  at  the  front  surface  and  ji  the  bulk  of  the  target  material.  How¬ 
ever,  gains  of  1500  to  2000  are  readily  obtainable. 

As  in  the  case  of  the  SEC  camera  tube,  the  video  signal  is 
developed  directly  from  the  portion  of  the  electron  beam  that  lands  on 
the  target  and  that  flows  in  the  target  lead  resistor  as  the  beam  scans 
the  target  point  by  point. 

b.  Signal  Transfer  Characteristic .  The  signal  current  versus 
photocathode  irradiance  curves  for  the  current  state-of-the-art  SEBIR 
tube  are  shown  in  Fig.  v-F-3  for  three  photocathode  diameters,  16,  25, 
and  40  ram.  The  gamma  of  the  signal  transfer  curve  is  essentially 
unity.  No  "knee”  in  the  signal  transfer  curve  is  reported,  although 
eventually  the  signal  output  current  available  will  be  beam-current 
limited.  As  a  practical  matter,  some  semblance  of  a  knee  will  be  in¬ 
troduced  by  means  of  an  electronic  target  gain  control  whereby  the 
potential  between  the  photocathode  and  target  is  reduced  as  light  level 
increases . 
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FIGURE  V-F-3.  Signol  Current  Versus  Photocathode  Irradlance  Characteristic  for  the 
SEBIRand  l-SEBIR  Cameras  for  Various  Input  Photocathode  Diameters 


The  gain  of  the  SEBIR  target  is  primarily  a  function  of  the 
photocathode  voltage  as  shown  in  Fig.  V-F-4.  For  the  current  tubes, 
an  absolute  maximum  voltage  of  -15  kv  is  specified,  typical  operation 
being  in  the  range  of  -12  to  -3  kv.  This  places  maximum  gain  in  the 
area  of  2500  to  3000,  and  minimum  gain  a  factor  of  about  10  lower. 
Above  -15  kv,  excessive  dark  current  and  positive  ion  bombardment  of 
the  'photocathode  can  be  expected  to  be  a  problem;  at  voltages  below 
-3  kv,  some  image  defocusing  and  rotation  will  occur,  although  this 
may  be  tolerable  in  some  instances. 

For  the  signal  transfer  curves  shown  in  Fig.  V-F-3,  a  photo- 
cathode  radiant  sensitivity  of  3.2  x  10  3  amp/watt  and  a  SEBIR  target 
gain  of  1890  are  assumed  in  calculations. 
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FIGURE  V-F-4.  SEBIR  Target  Gain  Versus  Photoelectron  Accelerating  Voltage 

c.  Amplitude  Response.  The  square-wave  amplitude  response  of 
current  SEBIR  camera  tubes  is  shown  in  Fig.  V-F-5  for  tubes  with  a 
diode  density  of  1800/inch.  The  response  is  shown  to  be  the  same  for 
40-,  25-,  and  16-mm  tubes  when  the  resolution  is  expressed  in  terms 
of  TV  lines/raster  height.  This  similarity  in  response  is  based  on 
the  premise  that  all  three  tubes  use  the  same  target  and  that  the  tar¬ 
get  and  the  electron  beam  are  the  primary  factors  limiting  response. 
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Actually,  the  photocathode  with  its  fiber-optic  faceplate  will  have 
some  small  effect  on  amplitude  response,  but  its  influence  will  prob¬ 
ably  be  less  than  the  normal  variations  encountered  from  tube  to  tube. 
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FIGURE  V-F-5.  Uncompensated  Horizontal  Square-  or  Sine-Wave  Response  for  tho 
SEBIR  and  l-SEBIR  Cameras.  (Note:  Intensifler  Responrss  are  Sine 
Wave;  l-SEBIR  and  SEBIR  Rssponses  are  Square  Wave.) 


Resolving  power  in  terms  of  line  pairs/millimeter  is  also 
shown  on  the  same  curve.  The  scale  selected  must  correspond  to  the  • 
diameter  of  the  input  photocathode  of  the  tube  under  consideration. 
Thus,  when  a  tube  with  a  25-mm  input  photocathode  diameter  is  used, 
the  25-mm  input  photocathode  diameter  scale  is  used,  and  so  on. 
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d.  Video  and  Pisplay  Signal-to-Noise  Ratio.  The  ratio  of  peak- 
to-peak  video  signal  to  rms  noise  for  a  SEBIR  camera  is  calculated 
from  Eq.  V-D-3,  and  the  terms  are  identical  to  those  defined,  except 
that  G,p  is  now  the  SEBIR  target  gain.  The  video  signal  and  rms  noise 
currents  for  unity  contrast  and  square-wave  response  are  plotted  as  a 
function  of  photocathode  current  in  Fig.  V-F-6.  As  can  be  seen,  the 
SEBIR  camera  is  substantially  photoelectron  noise  limited  for  input 
photocurrents  above  about  10  ^  amp.  For  this  calculation,  a  video 

_9 

bandwidth  of  7.5  MHz  and  a  preamp  noise  of  3  x  10  amp  was  assumed. 

A  3-na  preamplifier  noise  is  consistent  with  the  20-pf  interelectrode 
capacitance  associated  with  the  SEBIR  target.  The  video  signal-to- 
noise  ratio  for  the  same  conditions  assumed  above  is  plotted  in  Fig. 
V-F-7,  and  SNR^  is  plotted  in  Fig.  V-F-8  for  various  photocathode 
currents. 

e.  Limiting  Bar-Pattern  Resolution.  The  limiting  resolution 
versus  photocathode  current  is  determined  from  Fig.  V-F-8,  and  the  re¬ 
sult  is  shown  in  Fig.  V-F-9  in  the  form  of  limiting  resolution  versus 
photocathode  current  for  various  input  image  contrasts.  These  results 
are  replotted  in  Fig.  V-F-10  as  limiting  resolution  in  line  pairs  per 
millimeter  referenced  to  the  input  photocathode  versus  photocathode 
irradiance.  A  100  percent  input  contrast,  a  2854°X  tungsten  source, 
and  a  photocathode  of  radiant  sensitivity  3.2  x  10 amp /watt  to  such 
a  source  are  assumed.  In  Fig.  V-F-ll,  the  performance  at  30  percent 
contrast  is  plotted. 

f.  Computed  versus  Measured  Performance.  The  currently  quoted 
sensor  resolving  power  versus  that  computed  is  shown  for  the  SEBIR 
camera  in  Fig.  V-F-12.  At  present,  data  is  available  only  for  an  in¬ 
put  photocathode  diameter  of  40  mm  and  an  image  contrast  of  100  per¬ 
cent.  These  data  show  good  correlation  with  that  measured. 

g.  Lag  Characteristic.  The  lag  characteristic,  measured  as  per¬ 
centage  of  signal  remaining  in  the  third  field  versus  irradiance  level 
is  shown  in  Fig.  V-F-13.  Data  are  not  currently  available  to  show  the 
dynamic  limiting  resolution  characteristics. 
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DISPLAY  SI GNAL-TO- NOISE  RATIO 


FIGURE  V-F-8.  Display  Signal-to-Noise  Ratio  for  SEBIR  Cameras  for  Various 

Input  Photocathode  Currents  as  a  Function  of  Pattern  Resolution. 
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V-F-12.  Limiting  Resolution  Versus  Photocathode  trradiance.  Comparison 
of  Computed  Versus  Data  Sheet  Performance  for  the  RCA  C21117B 
40-mm  SEBIR  Camera 
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PHOTOCATHODE  IRRADIANCE,  wotts/m2,  2854°K 

FIGURE  V-F-13.  Signal  Lag  Versus  Photocathode  Irradiance  Characteristic  for  the  SEBIR 
and  l-SEBIR  Cameras  for  Various  Input  Photocathode  Diameters 

h.  Form  Factor.  The  majority  of  the  current  SEBIR  camera  tubes 
are  based  on  the  use  of  a  5/8-in. -diameter  target,  which  results  in  a 
read  section  of  about  1-in.  outside  diameter  and  about  5  to  6  in.  in 
length.  The  image  sections  are  2  in.  to  3  in.  in  outside  diameter  and 
3  to  4  in.  in  length,  depending  on  the  photocathode  diameter  used. 
Overall  tube  length  is  thus  8  to  10  in.  in  current  designs. 

2.  The  Intensifier  SEBIR  Camera 

a.  Principles  of  Operation.  An  additional  intensifier  fiber- 
optically  coupled  to  the  basic  SEBIR  tube  provides  more  than  sufficient 
gain,  so  that  preamplifier  noise  becomes  negligible  at  all  light  levels 
of  interest.  The  lag  characteristic  is  also  improved  to  the  point 
where  it  should  not  ordinarily  be  a  problem.  As  usual,  these  benefits 
are  somewhat  offset  by  an  overall  reduction  in  aperture  response  and 

an  increase  in  blemishes.  The  additional  intensifier  is  assumed  to 
have  an  S-25  photocathode  of  radiant  sensitivity  o^,  =  4  x  10  3  amp/ 
watt.  The  phosphor  is  assumed  to  be  a  modified  P-20  surface  which  in 
conjunction  with  the  SEBIR  tube’s  photocathode,  provides  an  electron 
gain  of  40.  The  aperture  response  of  the  intensifier  is  assumed  to 
be  limited  primarily  by  the  output  intensifier  phosphor. 

b.  Signal  Transfer  Characteristic.  The  signal  transfer  charac¬ 
teristic  for  various  I -SEBIR  combinations  is  shown  in  Fig.  V-F-3. 
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c.  Amplitude  Response.  The  overall  sensor  square-wave  response 
is  the  product  of  the  intensifier  sine -wave  responses  and  the  SEBIR 
camera  square -wave  responses,  as  shown  in  Fig.  V-F-5. 

d.  Video  and  Display  Signal-to-Noise  Ratio.  As  noted  above,  the 
gain  provided  by  the  intensifier  is  sufficient  to  ensure  that  the  pre¬ 
amplifier  noise  is  negligible  at  all  light  levels  of  interest.  The 
I-SEBIR  signal  and  noise  currents  are  as  shown  in  Fig.  V-F-6.  The 
video  signal-to-noise  ratio  is  calculated  from  the  relation 


SNRV,0, 


Veveh 


1  [e  tf  VVh^ 


(V-F-l) 


This  function  is  plotted  i  Fig.  V-F-7  as  a  function  of  the 
input  photocathode  current,  and  the  display  signal-to-noise  ratio  is 
plotted  in  Fig.  V-F-14.  The  SNRp  is  similar  for  the  various  tube  com¬ 
binations,  except  for  the  influence  of  the  square-wave  response  as 
shown  in  the  figure  for  i  =  10”^  amp.  The  curves  at  other  photo¬ 
cathode  currents  were  drawn  for  the  25-mm  photocathode  case. 

e.  Limiting  Bar-Pattern  Resolution.  Limiting  resolution  versus 
photocathode  current  is  shown  in  Figs.  V-F-15,  -16,  and  -17.  Limiting 
resolution  in  line  pairs/millimeter  versus  photocathode  irradiance  is 
shown  in  Fig.  V-F-10  for  300  percent  image  contrast  and  in  Fig.  V-F-ll 
for  30  percent  image  contrast. 

f.  Computed  versus  Measured  Results.  No  measured  results  are 
now  available. 

g.  Lag  Characteristics.  The  estimated  lag  versus  irradiance 

level  characteristic  is  plotted  in  Fig.  V-F-13  for  various  I-SEBIR 

-6  "7  2 

combinations.  The  low  lag  at  the  10  to  5  x  10  watt/m  range  is 
particularly  notable. 
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FIGURE  V-F-16.  Limiting  Resolution  Versus  Input  Photocathode  Current  for  the  80/25- 

40/25- ,  and  25/25-mm  l-SEBIR  Cameras  for  Various  Input  Image 
Contrasts 
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FIGURE  V-F-17.  limiting  Resolution  Versus  Input  Photocathode  Current  for  the  80/40- 
and  40/40-mm  l-SEBIR  Cameras  for  Various  Input  Image  Contrasts 


h.  Form  Factor.  Intensifiers  mainly  add  length  from  2  in.  to 
6  in.,  depending  on  the  input  photocathode  diameter.  Diameter  is  not 
substantially  increased,  except  in  the  80-mm  case,  where  the  tube  di¬ 
ameter  is  5  in.  to  6  in.  Sensor  package  size  will  vary  from  11  in. 
to  16  in.  in  overall  length  and  2  in.  to  6  in.  in  diameter. 

G.  CORRELATION  BETWEEN  MTFA  AND  SNRp 

In  Part  II,  Snyder  showed  the  correlation  between  MTFA  and  viewer 
error,  while  here  in  Part  V,  Rosell  has  derived  the  concept  of  SNRp, 
the  display  signal-to -noise  ratio.  If  these  two  concepts  could  be  re¬ 
lated,  the  missing  link  between  the  physical  properties  of  electro- 
optical  devices  and  operator  performance  would  be  established.  This 
was  the  hope  that  was  expressed  by  Snyder  at  the  end  of  Part  II.  As 
will  be  shown,  there  is  a  one-to-one  correspondence  between  MTFA  and 
the  area  under  the  SNR^  curves,  provided  that  sine-wave  patterns  are 
used  as  test  inputs  in  calculating  or  measuring  SNR^. 
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The  beginning  point  of  Snyder’s  analysis  is  Eq.  II-l,  which  states 
that  the  eye’s  threshold  detection  requirements  for  a  sine-wave  pattern 
of  frequency  k  is 

Mt(k)  =  0.034  [dD/d(log10  E)]"1  [0.033  +  a2  k2  S2]^  (V-G-l) 

o 

where  [dD/d(log^g  E)]  is  a  sensor  gamma,  is  noise,  and  S  is  a 
threshold  signal-to-noise  ratio,  M,t(k)  should  not  be  confused  with 
the  sensor’s  MTF.  It  has  no  relation  to  it.  Mt(k)  is  the  signal  mod¬ 
ulation  needed  by  the  eye  to  detect  the  pattern  in  the  presence  of 
noise.  The  constant  term  in  the  root  bracket  pertains  to  low  spatial 
frequencies  wherein  the  eye  is  limited  by  spatial  image  extent,  its 
dc  response,  or  other  factors.  To  a  first  approximation,  one  can 
ignore  it.  Then,  for  sensor  y  =  1, 

Mt(k)  =  0.034  o  k  S  (V-G-2) 

To  convert  Eq.  V-G-2  to  Rosell's  terminology,  one  lets  ct  equal 
the  rms  video  noise,  k  be  expressed  in  NTV  lines/picture  height,  S  be 
SNRjyp,  the  display  signal-to-noise  ratio  required  for  50  percent  prob¬ 
ability  of  pattern  detection,  and  the  constant  0.034  be  changed  to  p 
to  reflect  the  change  in  nomenclature  and  units.  Now, 

Mt  (Ntv)  =  6  •  iR  •  Nw  .  SNRdt  ( V-G-3) 


1  Mt  (NTV^  0  l 
B  NTV  Xi 


If  next  one  lets  (N^y)  be  equax  to 

Mt  ^NT'\P  =  AiST 


(V-G-4) 


(V-G-5) 
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where  Aigm  is  the  threshold  video  signal,  then 


SNR 


DT 


( V-G-c ) 


but  AigT/in  is  the  threshold  video  signal-to-noise  ratio  SNR^  ^  T  re¬ 
quired,  so  that 


_  (1/8)  •  SNRyT 

snrdt  ntv 


(V-G-7) 


which  is  the  relationship  between  threshold  display  signal-to-noise 
and  threshold  video  signal-to-noise  ratio  as  used  by  Rosell  throughout 
his  analysis. 


Next,  one  turns  to  the  concept  of  MTFA,  which  Snyde1-'  defines  as 


MTFA 


(V-G-8) 


where  T(k)  is  the  sensor’s  MTF,  M  is  an  obiect  modulation,  and  k  is 

7  o  o 

a  specific  spatial  frequency  to  be  defined.  In  our  terminology  T(k)  = 
RW(N;,  the  sine-wave  response. 

If  one  uses  Eqs.  V-G-5  and  V-G-6  in  Eq.  V-G-8  and  lets  Mq  =  CAis, 
the  product  of  input  image  contrast  and  highlight  signal  current,  Eq. 
V-G-8  becomes 

o 


MTFA  = 


'8  snrdt  • 


N, 


TV 


(V-G-9) 


where  Nq  is  the  frequency  corresponding  to  kQ  but  now  expressed  in 
terms  of  TV  lines  per  picture  height.  Note  that  C  io/i  is  the 
broad-area  video  signal-to-noise  ratio  that  the  sensor  can  produce, 
i.e. , 
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(V-G-10) 


and  then  noting  that  the  actual  video  signal -to -noise  ratio  at  line 
number  is  equal  to 

SNRV,NrC  =  W  •SNRV,0,C  CV-G-X3) 


and  the  interpretation  of  MTFA  becomes  quite  clear — it  is  the  integral 
of  the  difference  between  the  video  SNR  that  the  sensor  can  provide 
less  that  required  by  the  observer  normalized  to  that  which  the  sensor 
can  provide  at  zero  spatial  frequency.  The  limits  of  integration  are 
to  the  line  number  where  SNR^  ^  ^  intersects  SNRy  T,  as  shown  in  Fig. 
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RESOLUTION,  TV  lines/raster  height 


S 3-24-71-1 

FIGURE  V-G-l .  Peak-to-Peak  Video  $ignal-to-Noise  Ratio  Required  Versus  that 
Obtainable  as  a  Function  of  Resolving  Power  for  the  I— SEC 


In  an  alternate  derivation,  one  reverts  to  Eq.  V-G-ll  and  divides 
numerator  and  denominator  by  1/0  N^.  Then, 


MTFA 


N 

■l 


(SNPV  q  q  •  ”  SNRpp 


SNRv,o,c/e  ntv 


( V-G-15) 


where  SNRp  is  the  display  SNR  obtainable  from  the  sensor,  SNR^p  is 
that  needed  by  the  eye,  and  SNR^  is  that  obtainable  at  zero  spatial 
frequency . 
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The  relationship  between  the  two  methods  is  shown  by  comparing 
areas  A  and  B  in  Fig.  V-G-2.  The  shaded  areas  are  equal,  i.e.,. 

Area  A  =  ?rea  B 

MTFA  =  Area  A  =  Area  B 


MOD. 


t  TF,  DMF  VS  N 


SPATIAL  FREQUENCY  N 


snrd  VS  N 


0  ■  0 


MTF  -  MODULATION  TRANSFER  FUNCTION 

MTFA  -  MODULATION  TRANSFER  FUNCTION  AREA 

DMF  -  DEMAND  MODULATION  FUNCTION 

N  -  SPATIAL  FREQUENCY,  TV  LINES/FlCTURE  HEIGHT 

SNRd  -  DISPLAY  SIGNAL-TO-NOISE  RATIO 

SNRdt  -  DISPLAY  SIGNAL-TO-NOISE  RATIO.  THRESHOLD 

SNRdq  -  DISPLAY  SIGNAL-TO-NOISE  RATIO  AT  ZERO  SPATIAL  FREQUENCY 

S  8-27-70*? 


FIGURE  V-G-2.  Comparison  of  MTFA  and  SNR^ 


462 


PART  V.  REFERENCES 


1.  A.  Rose,  "The  Sensitivity  Performance  of  the  Human  Eye  on  an 
Absolute  Scale,"  J .  Opt .  Soc .  Am , ,  Vol.  38_,  No.  2,  pp.  196-208, 
February  1948. 

2.  H.  de  Vries,  "The  Quentum  Character  of  Light  and  its  Bearing 
upon  the  Threshold  of  Vision,  Differential  Sensitivity  and  Visual 
Acuity  of  the  Eye,"  Physica,  Vol.  10,  p.  5^3,  1943. 

3.  J.W.  Coltman  and  A.E.  Anderson,  "Noise  Limitations  to  Resolving 
Power  in  Electronic  Imaging,"  Proc.  IRE,  Vol.  48,  p.  858,  May 
1960. 

4.  R.  Legault,  "Visual  Detection  Process  for  Electrooptical  Images: 
Man — The  Final  Stage  of  an  Electrooptical  Imaging  System,"  Chapter 
4  in  L.M.  Biberman  and  S„  Nudelman,  eds..  Photoelec tronic  Imaging 
Devices,  Vol.  I,  Plenum  Press,  New  York,  1§71 . 

5.  Y.W.  Lee,  Statistical  Theory  of  Communication,  John  Wiley  and 
Sons,  New  York,  1961. 

6.  M.  Goodman,  Introduction  to  Fourier  Optics,  McGraw-Hill,  New 
York,  1968. 

7.  M.  Schwartz,  Information  Transmission,  Modulation,  and  Noise, 

McGraw-Hill,  New  York,  1959 .  ~~ 

8.  I.  Limansky,  "A  New  Resolution  Chart  for  Imaging  Systems,"  The 
Electronic  Engineer,  June  1958. 

9.  J.W.  Coltman,  "The  Specification  of  Imaging  Properties  by  Re¬ 
sponse  to  a  Sine  Wave  Input,"  J.  Opt.  Soc.  Am. ,  Vol.  44,  No.  6, 
p.  468,  June  1954. 

10.  J.S.  Parton  and  J.C.  Moody,  'Performance  of  Image  Orthicon  Type 
Intensifier  Tubes,"  in  National  Aeronautics  and  Space  Administra¬ 
tion,  Proc.  Image  Intensifier  Symposium,  Ft.  Belvoir,  Va.,  24-26 
October  1961,  NASA  SP  2. 


463 


11.  O.H.  Schade,  Sr.,  "Optical  and  Photoelectric  Analog  of  the  Eye," 
J,  Opt.  Soc.  Am.,  Vol.  46,  No.  9,  pp.  721-739,  September  1956. 

12.  General  Electric  Company,  Schenectady,  N.Y.,  Present  and  Future 
Performance  of  Photoconductive  Camera  Tubes,  Research  Report 
58-RL-199Q,  R.W.  Damon,  J.R.  Eshback,  and  R.W.  Redington,  July 
1958. 


VI.  A  COMPARISON  OF  TELEVISION  CAMERA  TUBES 
by  Lucien  M.  Biberman 

A.  INTRODUCTION  , 

New  and  different  types  of  television  camera  tubes  are  becoming 
available  at  an  ever-increasing  rate.  At  the  time  the  studies  leading 
to  this  report  were  begun,  and  at  the  time  this  report  was  published, 
the  principal  efforts  in  camera  tube  design  were  improvements  in  quan¬ 
tum  efficiency,  time  constants,  electron  optics,  gain  mechanisms,  and 
noise  characteristics.  The  subject  for  most  intensive  development  was, 
and  is,  the  electron  charge  storage  medium — the  target. 

The  low  gain,  high  lag  of  the  image  orthicon  electron  charge 
storage  target  gave  way  to  the  SEC  target  at  the  expense  of  very  low- 
light-level  performance  but  at  a  considerable  gain  in  performance  at 
modest  light  levels  for  moving  scenes. 

The  traditional  blooming  characteristic  of  the  image  orthicon 
target,  considered  highly  undesirable  by  many,  was  absent  in  the  SEC 
tubes,  but  that  very  absence  made  the  SEC  increasingly  vulnerable  to 
highly  localized  overloads  such  as  that  caused  by  a  bright  light  in  a 
dark  scene.  These  overloads  resulted  in  many  SEC  tube  failures. 

The  increased  definition  available  in  new  and  improved  targets 
was  not  matched  by  corresponding  improvements  in  the  electron  optics 
used  in  most  low-light -level  devices. 

During  1969  and  1970,  the  SEC  target  was  modified  to  include  a 
metallic  mesh  for  heat  dissipation.  Calculation  will  show  that  point 
overloads  in  the  low-density  SEC  layer  could  result  in  two  catastrcpic 
conditions.  The  first  was  accumulating  charge  beyond  the  potential  at 
which  the  surface  became  a  secondary  emitter  when  bombarded  by  the 
reading  beam,  introducing  a  runaway  potential  increase  until  arc-over 
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(and  thus  tube  failure)  occurred.  The  second  was  associated  tempera¬ 
ture  rises  measured  in  tens  of  thousands  of  degrees  per  second  at  the 
point  of  overload,  resulting  in  severe  target  bum  (Section  VI -B) . 

Methods  were  introduced  to  limit  the  target  potential,  and  the 
mesh  did  reduce  burn  susceptibility,  but  it  was  apparent  that  the  tube 
of  the  future  would  be  based  upon  principles  like  that  in  the  silicon 
diode  array  mosaic  with  its  high-gain,  low-lag,  highly  burn-resistant 
target.  That  tube  of  the  future  is,  as  of  summer  1971.,  not  quite 
here,  ke  look  forward  to  its  arrival  with  its  various  limitations 
conquered. 

This  report,  and  especially  the  material  in  Part  V,  deals  with 
the  better  tubes  but  deals  with  the  SEC  tubes  at  greater  length.  By 
\  far  the  greatest  number  and  the  best  in  performance  of  current  low- 
light-level  televisions  systems  use  SEC  camera  tubes. 

It  must  be  recognized  that  the  better  low-lighc-level  camera 
tubes  available  today  are  compromises.  The  SEC  tubes,  with  their 
low-capacity,  high-gain  targets,  achieve  a  moderately  good  aperture 
function  and  a  moderately  good  sensitivity  at  low  light  levels.  The 
SEC  is  a  moderately  good  tube  with  moderate  resolution  at  moderate 
light  levels  and  under  conditions  of  moderate  image  motion,  but  the 
physical  limitations  imposed  by  the  low  capacitance  of  the  target  and 
the  broadness  of  the  beam  prevent  the  tube  performance  from  increasing 
dramatically  with  increasing  light  levels. 

The  silicon -electron-bombardment  induced-response  (SEBIR)  tubes 
are  generally  limited  by  beam  width,  diode  spacing,  and  lateral  charge 
diffusion  in  the  target  at  higher  light  levels. 

At  low  signal  levels  the  remarkably  high  gain  of  an  intensifier 
coupled  to  a  silicon  target  tube  yields  the  best  resolution  together 
with  acceptable  lag  properties  at  low  light  levels,  and  fairly  good 
resolution  but  increasing  lag  as  the  light  levels  decrease  further. 

At  these  very  low  levels  there  may  be  applications  where  only 
very  low  resolution  is  required.  For  such  applications  gain  is  the 
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principal  parameter,  and  the  modulation  transfer  function,  which  falls 
but  very  little  at  low  spatial  frequencies,  is  of  little  concern.  A 
cheap,  effective,  but  laggy  camera  for  such  very  low-level,  very  low- 
resolution  television  could  employ  a  standard  vidicon  with  three  in- 
tensifiers  as  preamplifiers. 

At  the  extreme  low  light  levels  one  can  decrease  lag  through  the 
use  of  an  additional  intensifier.  This  further  reduces  resolution  but 
can  result  in  tolerable  levels  of  lag.  The  principal  disadvantage  is 
the  need  for  very  high  voltages  in  order  to  apply  about  20  kv  per  in¬ 
tensifier,  i.e.,  about  80  kv  for  the  preamplifier  stringl 

As  the  light  levels  increase,  little  improvement  occurs  in  the 
imagery  of  the  multiple-intensif ier  vidicon  camera.  Though  there  is 
more  than  adequate  signal,  the  cascading  of  the  component  MTFs  is  the 
primary  limitation,  resulting  in  very  low  image  quality. 

There  is  a  trend  in  cheap  cameras  toward  the  use  of  channel-plate 
light  amplifiers  coupled  to  vidicons.  Unfortunately,  some  designers 
believe  that  such  cameras  will  yield  better  performance  than  the  stack 
of  three  cascaded  intensifies  and  a  vidicon.  The  use  of  a  channel 
plate  does  make  for  much  smaller  size,  and  the  overall  lag  of  channel 
plate  plus  vidicon  is  similar  to  or  slightly  better  than  that  of  three 
cascaded  intensifies  plus  vidicon,  but  the  cost  is  appreciably  higher 
and  the  image  quality  is  about  the  same. 

No  serious  new  designs  for  low-light-level  image  orthicon  cameras 
have  materialized  in  the  past  few  years.  The  previous  "Queen  of  the 
Studio"  has  been  replaced  by  the  Plumbicon ®  PbO  vidicon  in  commercial 
broadcasting  and  by  the  SEC  in  airborne  low-light-level  television. 

The  offshoot  of  the  image  orthicon,  the  image  isocon,  has  re¬ 
cently  been  simplified  so  that  its  improvements  over  the  orthicon 
(Ref.  1)  can  be  achieved  with  rather  simple  camera  circuitry.  Unfor¬ 
tunately,  the  timing  of  the  isocon  development  was  just  too  late  for 
the  commercial  studio  market  and  too  late  for  the  rush  of  camera  de¬ 
signs  for  airborne  low-light-level  applications.  Actually,  at  all  but 
the  lowest  end  of  the  light  scale,  the  image  isocon,  with  one  additional 


469 


stage  of  intensification  for  adequate  gain,  is  about  the  best  of  the 
present  camera  tubes.  Its  excellent  electron  optics  make  possible  the 
best  aperture  function  of  any  low-light-level  tubes  for  light  levels 
of,  say,  quarter  moonlight  or  better.  At  lower  light  levels  its  per¬ 
formance  decreases  rather  rapidly,  but  at  these  or  higher  levels  the 
tube  can  produce  excellent  imagery. 

Unfortunately,  good  tubes  do  not  always  make  good  cameras.  Some 
remarkably  good  tubes  have  been  employed  in  remarkably  poor  c.meras. 
Perhaps  a  discussion  of  a  particular  design  can  illustrate  how  a  bad 
camera  design  completely  nullified  every  advantage  that  advanced  tube 
design  offered. 

Let  us  examine  the  design  of  a  variable-field-of-view  (zoom)  cam¬ 
era  by  two  different  approaches.  The  first  method,  the  one  most  widely 
used,  employs  an  image  intensifier  with  a  cathode  80  mm  in  diameter 
and  a  phosphor  screen  40  mm  in  diameter  coupled  to  a  40-mm  camera 
tube. 

The  electron  optics  permit  focusing  the  full  80  mm  of  cathode 
onto  the  full  40  mm  of  phosphor  when  the  light  levels  are  limited  or 
when  a  wide  angular  field  is  desired.  When  the  light  level  permits 
and  when  a  narrower  field  of  view  is  desired  so  as  to  present  more  de¬ 
tail  on  some  smaller  portion  of  the  field,  the  electron  optics  are 
adjusted  to  image  some  fraction  of  the  cathode  on  the  full  phosphor 
screen.  This  method  of  zoom  is  quite  effective.  It  utilizes  the  full 
collecting  aperture  of  the  optical  system.  In  principal,  as  the  light 
level  increases,  and  thus  as  the  number  of  resolvable  lines  per  mil¬ 
limeter  at  the  cathode  increases,  the  image  can  be  zoomed  to  a  smaller 
and  smaller  section  of  the  cathode  while  maintaining  a  constant  number 
of  resolvable  lines  at  the  phosphor.  The  phosphor  is  fiber-optics - 
coupled  to  the  camera  tube.  Thus,  the  total  system  can  be  adjusted  to 
give  a  variable  field  of  view  by  decreasing  the  linear  photocathode 
dimensions  used.  Since  the  resolution  at  the  photocathode  is  greater 
than  at  any  other  part  of  the  electronics,  the  field  of  view  can  be 
chosen  to  equal  or  exceed  the  resolution  capability  of  the  camera  tube 
input . 
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On  the  other  hand,  the  camera  tube  target  and  beam  are  quite 
specifically  limiting  in  the  maximum  resolution  obtainable.  Typically, 
a  photocathode  at  low  light  levels  can  produce  resolutions  of  about 
100  line  pairs  per  millimeter,  while  a  typical  low-light-level  camera 
tube  target  and  beam  will  produce  less  than  1000  television  lines  per 
picture  height.  Thus,  an  30-mm  intensifier  is  capable  of  displaying 
8000  line  pairs  or  16,000  television  lines,  while  the  target  of  the 
television  camera  tube  will  limit  at  less  thar.  1000  lines.  Clearly, 
the  interaction  of  beam  and  target  is  much  more  a  limit  than  the  in¬ 
tensifier  cathode,  and  yet  two  camera  designs--one  for  the  A-6C  TRIM 
and  one  for  the  AH-1G  HUEY  COBRA — were  based  upon  underscanning  the 
camera  tube  target  rather  than  upon  decreasing  the  area  of  photocath¬ 
ode  used  while  using  all  of  the  camera  tube  target,  as  in  the  elec¬ 
tronic  zoom  discussed  earlier.  Both  cameras  were  designed  (by  the 
same  vendor)  to  save  space.  The  designs  in  fact  wasted  space  because 
their  performance  was  poor.  Zooming  to  get  higher  " resolution”  gave 
a  larger  displayed  picture  of  the  object  to  be  viewed  but  gave  no  in¬ 
crease  in  resolution  or  in  information.  This  process  was  like  looking 
at  a  screened  newsprint  photograph  through  a  microscope.  All  one  sees 
is  larger  dots. 

If  progress  is  to  be  made,  one  must  use  care  and  judgment  in  de¬ 
sign,  not  just  data  from  new  sensor  catalogs.  Most  of  the  errors  in¬ 
herent  in  the  design  choice  discussed  above  could  have  been  corrected 
by  the  expensive  design,  production,  and  testing  of  a  prototype  or  by 
calculations  of  the  kind  described  in  Part  V  of  this  report. 

B.  DAMAGE  TO  ELECTRON  CHARGE  STORAGE  TARGETS* 

All  television  camera  tubes  can  be  permanently  damaged  if  exposed 
to  a  sufficiently  intense  source  of  illumination  for  a  long  enough 
period  of  time.  The  problem  is  particularly  severe  for  sensitive  low- 
light-level  television  camera  tubes.  The  very  bright  sources  of  il¬ 
lumination  in  the  real  world  to  which  the  tubes  can  be  exposed  represent 
* 

An  abridgement  of  material  reported  at  the  Westinghouse  Electronic 
Tube  Division,  Elmira,  N.Y.,  principally  by  Martin  Green  and  Peter 
R.  Collings. 
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even  more  of  an  extreme  stress  for  them  than  for  the  less  sensitive 
conventional  pickup  tubes. 

Recent  experiments,  to  be  discussed  below,  have  explored  the 
threshold  of  permanent  burn  for  a  variety  of  low-light-level  television 
camera  tubes.  The  results  of  these  experiments  lead  to  the  following 
conclusions : 

•  Despite  the  choice  of  the  most  unfavorable  operating  condi¬ 
tions  (i.e.,  the  use  of  a  fixed  photocathode  voltage  supplied 

by  a  low  impedance  source),  permanent  burn  did  not  occur  until 

4  10 

illuminations  of  10  to  10  times  higher  than  the  normal 
operating  ranges  were  reached. 

•  The  cause  of  permanent  burn  in  the  silicon-electron-bombardment 
induced-response  (SEBIR)  tube  appears  to  be  X  rays  produced  by 
the  impact  of  the  p'.iotoelectrons  on  the  silicon  target. 

•  S-20  photocathodes  deposited  on  fiber-optic  substrates  can  de- 

2 

liver,  from  small  areas,  current  densities  of  0.1  amp/om  for 
several  minutes  without  damage. 

3  2 

•  For  illumination  levels  up  to  5  x  10  watts/m  ,  the  recently 
developed  burn-res i£^ ant  SEC  camera  tube  shows  a  permanent 
white  burn  threshold  similar  to  that  of  the  image  orthicon 
and  the  SEBIR  tube.  The  mesh-supported  SEC  target  is  10  to  30 
times  more  burn  resistant  than  its  predecessor. 

In  most  camera  tube  applications,  the  extreme  conditions  dis¬ 
cussed  here  will  not  be  encountered.  However,  there  will  be  cases 
where  the  camera  designer  is  faced  with  the  possibility  tnat  his  equip¬ 
ment  will  see  very  intense  sources.  It  is  hoped  that  in  these  cir¬ 
cumstances  the  data  presented  here  will  be  useful  in  the  selection  of 
senso: s  and  in  the  design  of  appropriate  protective  circuitry. 

1.  Target  Burn  in  SEC  Camera  Tubes 

The  SEC  tube  is  one  member  of  a  general  class  of  sensitive  TV 
camera  tubes  in  which  electrons  released  from  a  photocathode  are  ac¬ 
celerated  onto  a  storage  target  by  an  electrostatically  or  magnetically 
focused  image  section.  Other  tubes  of  this  type  are  the  image  orthicon, 
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the  isocon,  and  the  SEBIR  tube.  When  these  devices  are  exposed  to  an 

intense  source  of  illumination  such  as  an  explosion  or  the  sun,  very 

large  current  densities  can  be  drawn  from  the  photocathode.  At  these 

high  illuminations  photocathode  currents  of  100  ua  can  be  emitted  from 

image  areas  a  few  tenths  of  a  millimeter  in  diameter,  corresponding 

2 

to  photocathode  loadings  of  0.1  amp/cm  .  The  electron  flux  from  the 
photocathode  is  accelerated  by  the  voltage  across  the  image  section, 
producing  an  electron  beam  with  a  power  capable  of  damaging  or  de¬ 
stroying  the  charge  storage  target.  In  the  case  of  a  photocathode 

2 

loading  of  0.1  amp/cm  ,  the  electron  beam  in  an  image  section  operated 

2 

at  10  kv  will  have  a  power  density  of  1000  watts/ cm  . 

The  effect  of  such  a  power  dissipation  in  the  storage  target  will 
be  to  raise  its  temperature  to  the  point  where  the  input  flow  of  energy 
is  balanced  by  conduction  or  radiation  of  heat.  This  increase  in 
temperature  will  occur  in  all  tubes  of  che  general  type  under  discus¬ 
sion.  In  many  cases,  the  temperature  rise  is  itself  sufficient  to 
cause  permanent  damage  to  the  target.  In  addition,  however,  the  en¬ 
ergetic  electrons  and  the  X  rays  that  they  produce  in  the  target  may 
also  cause  nonthermal  damage  to  the  target.  Thus,  either  thermal  cr 
nont'hermal  damage  or  both  may  occur,  depending  on  the  exact  nature  of 
the  storage  target  and  the  intensity  of  the  source  imaged  onto  the 
tube . 

Let  us  now  examine  in  a  more  quantitative  manner  the  effects  of 
an  exposure  to  an  intense  source  of  illumination.  We  are  concerned 
here  primarily  with  the  SEC  camera  tube  and  how  it  can  be  modified  to 
offer  improved  resistance  to  burn,  so  this  tube  will  be  used  as  a 
basis  for  our  discussion. 

As  can  be  seen  in  Fig.  Vl-la,  the  standard  SEC  target  consists  r* 
a  supporting  film  of  aluminum  oxide  (A-t^Oj)  approximately  0.05  pm 
thick,  covered  with  an  aluminum  (At)  signal  plate  of  the  same  thick¬ 
ness.  Deposited  on  the  signal  plate  and  facing  the  reading  section  of 
the  tube  is  a  low-density  layer  of  potassium  chloride  (KC£)  about  10 
pm  thick. 


473 


FIGURE  VI-1.  Comparisc.i  of  Standard  and  Mesh-Supported  SEC  Targets 


When  ’"he  standard  SEC  target  is  exposed  to  an  electron  flux  from 
the  photocathode  produced  by  a  source  of  illumination  one  or  two 
orders  of  magnitude  higher  than  the  normal  peak  operating  levels,  a 
I  temporary  loss  of  gain  occurs.  The  result  is  a  dark  burn  that  is  be¬ 
lieved  to  be  caused  by  nonthermal  effects  somewhat  similar  to  the  pro¬ 
duction  of  color  centers  in  a  solid  KC-t  layer.  This  conjecture  is 
supported  by  the  observation  that  either  exposure  of  the  tube  to  normal 

.eight  levels  or  a  heat  treatment  can  remove  the  burn. 

f 

Of  a  more  serious  nature  and  the  subject  of  our  present  discus¬ 
sion  is  the  permanent  white  burn  produced  as  exposure  levels  are  in¬ 
creased  from  four  to  six  orders  of  magnitude  above  the  normal  peak 
faceplate  illumination  levels.  Consider  the  specific  example  of  an 
SEC  camera  tube  exposed  through  an  f/8  lens  to  the  hot  filament  of  a 

tungsten  lamp.  The  corresponding  faceplate  irradiance  will  be  ^p- 

I  ^ 

proximately  25,000  watts/m'1 2.  This  is  some  5  million  times  greater 
than  the  normal  operating  levels  of  the  SEC  camera  tube. 

If  the  power  supply  cf  the  camera  has  a  low  enough  impedance,  and 
this  is  true  for  the  discussions  of  theoretical  and  experimental  data 
throughout  this  section,  the  current  from  the  photocathode  can  be  cal- 

! 

culated  from  the  known  photoresponse  of  the  tube  unless  there  are  any 

intrinsic  emission  limitations.  Data  discussed  later  show  that  for 

small  sources  linearity  is  maintained  between  faceplate  illumination 

2 

and  photocathode  current  up  to  loadings  of  0.1  amp/cm  . 

I  Thus,  in  our  example  a  total  faceplate  irradiance*  of  2.5  watts/ 

2 

cm  incident  on  a  good  S-20  photocathode  will  give  a  current  density 
of  10  amp/cm  unaffected  by  saturation.  The  image  section  of  the 
SEC  tube  is  operated  at  7  kv,  and  about  5  kev  of  the  energy  of  each 
photoelectron  is  dissipated  in  the  target,  the  remaining  2  kev  being 
carried  away  by  the  transmitted  electrons  or  being  lost  by  other 
means.  The  power  density  dissipated  in  the  SEC  target  is  therefore 
500C  v  times  10  amp/cm  or  50  watts/cm  for  u  tube  with  a  unity- 
magnif  ication  image  section. 

I  From  a  source  suen  as  an  open  fire  or  flame. 
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To  evaluate  the  effect  of  this  power  dissipation,  it  is  necessary 
to  examine  the  thermal  characteristics  of.  the  standard  SEC  target.  As 

Fig.  Vl-la  shows,  the  thermal  capacity  per  unit  area  is  approximately 

-4  -2  o  -1  .  2 

10  watt-sec  cm  C  A  power  density  of  50  watts/cm  applied  to 

a  structure  with  this  thermal  capacity  will  produce  an  initial  rate  of 

rise  of  temperature  of  500,000°C  per  second.  It  is  clear  that  most 

automatic  protection  sy..  :ems  could  not  act  fast  enough  to  save  the 

tube  from  damage. 

Further  analysis  shows  that  in  a  fraction  of  a  second  the  temper¬ 
ature  of  the  target  reaches  the  melting  point  of  KC-t  (776°C).  Target 
material  leaves  the  substrate  by  sublimation  and  by  evaporation,  pro¬ 
ducing  a  permanent  white  burn,  since  the  reading  beam  of  the  camera 
tube  can  now  land  directly  on  the  signal  plate. 

Two  remedies  are  available.  The  first  is  increasing  the  thermal 
capacity  of  the  target  to  slow  down  the  initial  rate  of  rise  of  tem¬ 
perature  so  that  protection  circuits  can  be  activated.  The  second, 
and  more  important,  is  increasing  the  thermal  conductivity  of  the  tar¬ 
get  so  that  the  final  equilibrium  temperature  is  reduced  to  a  point 
where  sublimation  either  does  not  occur  or  is  a  much  slower  process. 

Both  of  these  modifications  are  present  in  the  second  structure 
shown  in  Fig.  Vl-lb.  This  is  the  mesh -supported  or  burn-resistant  SEC 
target,  where  a  fine  copper  mesh  replaces  the  aluminum-oxide  layer 
used  for  support  in  the  standard  target.  As  Fig.  Vl-lb  shows,  the 
thermal  capacity  per  unit  area  of  the  mesh-supported  target  is  10  ^ 
watt-sec  cm  °C  1,  ten  times  larger  than  that  of  the  standard  target. 
It's  thermal  conductivity  is  100  times  larger  than  that  of  the  standard 
target  in  which  the  0.05-Mm  aluminum  signal  plate  is  the  only  layer 
that  contributes  significantly  to  the  transport  of  heat.  The  other 
two  components  of  the  standard  target,  the  low-density  potassium 
chloride  layer  and  the  aluminum  oxide  support  layer,  have  very  low 
thermal  conductivities. 

Thus,  adding  a  high -thermal-conductivity  mesh  with  bars  5  |jm  in 
diameter  has  a  large  impact  on  the  heat  transport  characteristics  of 
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the  target  structure.  This  can  be  demonstrated  by  calculating  the 

2 

equilibrium  temperatures  of  the  two  types  of  target  for  the  50-watt/cm 
power  density  loading  of  our  previous  example.  Considering  a  simpli¬ 
fied  model  where  the  effects  of  sublimation  and  evaporation  are  neg¬ 
lected,  we  find  that  the  standard  target  reaches  equilibrium  close  to 
2000°C,  heat  being  dissipated  by  radiation.  The  mesh-supported  tar¬ 
get  reaches  equilibria  at  a  temperature  below  500°C,  and  heat  is 
dissipated  by  conduction. 

Because  of  its  increased  thermal  capacity,  the  mesh-supported 
target  has  an  initial  rate  of  rise  of  temperature  of  50,000°C  per 
second,  10  times  lower  than  the  standard  target.  The  experimental  re¬ 
sults  to  be  presented  later  show  that  the  increased  thermal  capacity 
and  conductivity  raise  by  a  factor  of  10  to  30  the  exposure  required 
to  produce  a  permanent  white  burn.  In  addition,  even  when  the  illumi¬ 
nation  levels  are  high  enough  to  produce  a  white  burn  in  the  mesh  tar¬ 
get,  no  tearing  or  rupturing  of  the  target,  as  is  sometimes  observed 
with  the  standard  target,  can  occur.  It  is  important  to  note  that 
these  improvements  have  been  obtained  without  changing  the  electrical 
performance  of  the  SEC  camera  tube. 

Figure  VI-2  shows  a  sample  of  target-burn  test  results  obtained 
with  a  standard  SEC  tube  and  with  an  SEC  tube  with  a  mesh-supported 
target.  The  lens  aperture  was  f/2.  The  pictures  in  Fig.  VI-2  show 
the  target-burn  observed  immediately  after  the  end  of  each  exposure. 
They  were  photographed  from  the  monitor  with  the  camera  head  pointed 
at  a  uniformly  illuminated  grey  surface  so  that  both  light  and  dark 
bu^ns  would  be  recorded.  The  light  sources  seen  by  the  camera  were 
arranged  in  a  vertical  line.  They  were  as  follows: 

Top:  A  120-v,  100-watt  frosted  bulb  covered  with  a  neutral 

2 

density  filter  to  yield  a  source  brightness  of  1  x  10 
ft-L.  The  choice  of  the  bulb-to-camera  distance  and 
the  focal  length  of  the  camera  lens  gave  a  circular 
image  at  the  camera  tube  with  a  diameter  of  10  TV 
lines . 
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SOURCE 

BRIGHT¬ 

NESS, 

watts/ 

0.5  x  102 
2.5  x  104 
0.5  x  107 


EXPOSURE  TIME  AT  f/2  LENS  APERTURE 


till 


STANDARD  SEC  TARGET 


BURN-RESISTANT  SEC  TARGET 


FIGURE  VI-2.  SEC  Target  Burns  Produced  by  bcposing  SEC 
Camera  Tube  to  Intense  Sources  of  Light 
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Center: 


A  120-v,  100-watt  unfiltered  frosted  bulb  giving  a 

4 

source  brightness  of  5  x  10  ft-L.  Same  image  size 
as  above. 

Bottom:  The  bare  filament  of  a  600-watt  tungsten-halogen  lamp, 

the  type  used  on  home  movie  cameras  and  commonly  known 
as  a  Sun  Gun.  This  source  has  a  brightness  of  1  x  lo"7 
ft-L.  It  produced  a  rectangular  image  of  approximately 
1  x  4  TV  lines . 

Figure  VI-2  clearly  demonstrates  the  superior  resistance  or  the 
mesh-supported  SEC  target  to  the  development  of  white  burn.  With  the 
50,000-ft-L  source,  the  standard  tube  suffers  a  permanent  white  burn 
from  exposures  greater  than  1/5  sec.  The  tube  with  the  mesh-supported 
SEC  target  does  not  show  a  white  burn  after  a  15-min  exposure  to  the 
50,000-ft-L  source,  and  although  white  burns  do  occur  with  the  10 / -ft-L 
source,  they  are  smaller  in  area  and  less  objectionable  at  all  light 
levels.  As  noted  earlier,  the  mesh  support  of  the  burn-resistant  SEC 
target  also  completely  eliminates  the  possibility  of  puncturing  of  the 
substrate,  which  can  occur  in  the  standard  target. 

A  comparison  of  the  dark  burns  produced  in  the  two  tubes  shows 
that  their  appearance  and  intensity  do  not  differ  significantly.  This 
similarity  of  behavior  was  anticipated  in  the  earlier  discussion.  All 
but  the  most  severe  dark  burns  will  fade  away  within  periods  ranging 
from  minutes  to  hours  if  the  tube  is  operated  with  uniform  illumina¬ 
tion. 

Figure  VI-2  illustrates  test  results  for  one  particular  aperture 
setting,  f/2.  To  obtain  data  over  a  wide  range  of  operating  condi¬ 
tions,  exposures  were  made  with  aperture  settings  from  f/2  to  f/22  and 
at  a  variety  of  photocathode  voltages.  In  all  cases,  lower  photo¬ 
cathode  voltages  resulted  in  reduced  burn.  This  was  to  be  expected, 
since  the  power  dissipated  in  the  target  i?  directly  related  to  the 
voltage  applied  to  the  image  section. 

The  results  for  full  photocathode  voltage  (7  kv)  are  summarized 
in  Fig.  VI-3,  where  the  onset  of  permanent  white  burn  for  the  two  types 
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of  SEC  tube  is  plotted  as  a  function  of  phococathode  illumination  and 
exposure  time.  Cons id.  r  the  data  for  the  standard  SEC  tube,  shown  by 
the  open  circles  and  the  dotted  lines.  The  region  bounded  by  the 
dotted  lines  marks  the  transition  from  an  exposure  that  does  not  pro¬ 
duce  a  permanent  white  burn  (lower  left  portion  of  graph)  to  an  ex¬ 
posure  that  does  produce  a  permanent  white  burn  (upper  right  portion 
of  graph).  A  similar  convention  applies  to  the  data  in  Fig.  VI-3  for 
the  burn-resistant  SEC  tube,  represented  by  the  filled  circles  and 
continuous  lines,  and  also  to  the  data  in  Figs.  VI-5  aid  VI -6. 


10’2  10*'  1  10  100  1000  sec 

56-25-71-3  EXPOSURE  TIME 


FIGURE  VI-3. 


Onset  of  Permanent  White  Burn  in  Targets  of  Standard  and 
Burn- Resistant  SEC  Camera  Tubes  at  Full  Photocathode 
Voltage  (7  kv) 


Both  curves  in  Fig.  VI-3  show  a  significant  deviation  from  the 
45 -deg  negative  slope  that  would  be  observed  if  there  were  a  reciprocal 
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relation  between  faceplate  illumination  and  exposure  time.  In  view  of 
the  burn  mechanism  discussed  in  the  previous  section,  this  is  not  sur¬ 
prising.  The  sublimation  and  evaporation  processes  by  which  potassium 
chloride  is  lost  from  the  target  are  very  temperature  sensitive.  A 
modest  increase  in  faceplate  irradiance  produces  a  similar  increase  in 
target  temperature.  However,  the  sublimation  and  evaporation  races 
increase  exponentially  with  temperature.  Thus,  the  exposure  time  re¬ 
quired  to  sublime  or  evaporate  a  given  mass  of  potassium  chloride 
(that  is,  to  produce  a  white  burn  of  given  intensity)  is  reduced  by  a 
factor  much  greater  than  the  corresponding  increase  in  illumination. 
Examination  of  Fig.  VI-3  shows  that  the  obs  rved  burn  behavior  is  in 
agreement  with  this  analysis  of  the  white  burn  process. 

Of  considerable  interest  during  these  experiments  was  the  effect 
of  the  more  intense  light  levels  on  the  photocathodes  of  the  tubes  in¬ 
volved  (ten  tubes  picked  at  random  from  a  production  run).  All  tubes 
tested  employed  S-20 . photosurfaces  deposited  on  fiber-optic  substrates. 
Despite  the  severity  of  the  exposures,  amounting  in  some  cases  to  al¬ 
most  a  million  footcandles  for  several  minutes,  no  permanent  photo¬ 
cathode  damage  was  detectable  at  any  point  in  the  test  program. 

The  response  of  the  photocathodes  of  SEC  and  SEBIR  tubes  to  intense 
irradiance  was  studied  in  a  set  of  auxiliary  experiments.  The  results 
are  shown  in  Fig.  VI-4.  In  these  tests,  currents  up  to  100  pa  were 

-4 

drawn  for  several  minutes  from  a  phctocathode  area  of  about  5. 25  x  10 
o 

cm  ,  approximately  the  same  image  size  as  was  used  for  the  burn  tests. 

2 

As  Fig.  VI-4  shows,  photocathode  loadings  as  high  as  0.1  amp/cm  were 
obtained  before  any  significant  departure  from  proportionality  between 
irradiation  and  photocurrent  was  observed. 

2 .  Target  Burn  in  Camera  Tubes  Other  Than  SEC 

Experimental  work  with  the  SEC  tubes  stimulated  an  interest  in 
the  light  levels  at  which  permanent  burns  occur  in  other  low-light - 
level  camera  tubes.  Using  the  techniques  and  equipment  developed  for 
the  SEC  test  program,  similar  experiments  were  carried  out  with  image 
orthicons  (10)  and  silicon-electron-bombardment  induced-response  (SEBIR) 
camera  tubes. 
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FIGURE  VI-4.  Proportionality  of  Response  ot  SEC  and  SEBIR  Tubes  to  Intense 
Irradiance 

The  results  for  an  ionic -conduct ion,  glass-target  image  orthicon 
and  an  aluminum-oxide,  thin-film  image  orthicon  are  shown  in  Fig.  VI -5. 
The  same  convention  applies  in  this  figure  as  in  Fig.  VI-3.  Also 
shown  for  comparison  are  the  corresponding  curves  for  the  standard 
and  mesh -supported  SEC  camera  tubes. 

Damage  to  the  thin-film  image  orthicon  was  manifested  as  a  per¬ 
manent  white  burn.  In  the  glass-target  tube  the  permanent  damage 
showed  up  as  an  intense  dark  burn.  The  results  in  Fig.  VI-5  demon¬ 
strate  that  both  image  orthicons  suffered  permanent  damage  at  approxi¬ 
mately  the  same  exposure  levels  as  the  mesh -supported  SEC  tube.  Fol¬ 
lowing  the  reasoning  given  previously,  the  lack  of  reciprocity  of  both 
sets  of  image  orthicon  curves  suggests  that  the  damage  is  caused 
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primarily  by  a  thermal  mechanism.  In  the  case  of  the  thin-film  image 
orthicon,  puncturing  of  the  target  was  observed. 


10"2  10"1  1  10  100  1000  sec 

EXPOSURE  TIME 


S 6-25-71 -5 

FIGURE  VI-5.  Onset  of  Permanent  Oamage  to  an  Ionic' Conduction,  Glass-Target 
Image  Orthicon  and  an  Aiuminum- Oxide,  Thin-Film  Image 
Orthicon.  (Corresponding  Curves  for  Standa-d  and  Burn- 
Resistant  SEC  Camera  Tubes  are  also  Shown.) 

Figure  VI -6  shows  the  results  of  burn  tests  made  on  three  SEBIR 
camera  tubes.  In  two  tubes,  labeled  Type  A  on  the  figure,  the  diode 
array  was  covered  by  a  resistive  sea.  In  the  third  tube,  labeled  Type 
B,  no  resistive  sea  was  used.  In  all  uhree  tubes,  after  sufficiently 
intense  exposures,  permanent  white  burns  caused  by  an  increased  dark 
current  in  the  burnt  area  were  observed. 

There  is  wide  variation  in  behavior  between  the  burn  character¬ 
istics  of  the  three  tubes.  As  can  be  seen,  this  is  not  related  in  any 
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simple  way  to  the  presence  or  absence  of  the  resistive  sea.  In  the 
case  of  the  most  burn-resistant  SEBIR  tube  (indicated  in  Fig.  VI-6  by 
squares),  the  white  burn  characteristics  are  comparable  to  the  mesh- 
supported  SEC  tube  for  exposures  longer  than  1  min  but  are  superior 
for  shorter  periods. 


10'2  icf’  1  10  100  1000  sec 


EXPOSURE  TIME 

S 6-25-71 -6 

FIGURE  VI-6.  Qiset  of  Permanent  White  Target  Burn  in  Three  SEBIR  Camera 
Tubes.  (Corresponding  Curves  for  Standard  and  Burn-Resistant 
SEC  Camera  Tubes  are  also  Shown.) 


The  silicon-diode-array  targets  used  in  these  tests  were  obtained 
from  two  distinct  sources,  and  no  correlation  between  source  and  burn 
characteristics  were  observed'.'  Burn  information  on  the  SEBIR  camera 
tubes  of  other  manufacturers  is  not  incompatible  with  the  data  pre¬ 
sented  here.  Because  of  the  wide  spread  in  the  data  presented  and  in 
view  of  the  fact  that  the  SEBIR  tube  is  a  relatively  recent  development, 
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we  believe  chat  further  experimentation  is  required  before  the  burn 
characteristics  ot  SEBIR  tubes  can  be  related  to  specific  aspects  of 
target  fabrication  and  tube  processing. 

It  is  significant  that  the  most  burn-resistant  SEBIR  tube  shows 
nearly  perfect  reciprocity  between  irradiance  and  exposure  time.  As 
was  noted  earlier,  this  strongly  suggests  a  nonthermal  cause  for  the 
damage.  A  silicon  vidicon,  a  tube  in  which  the  diode  array  is  di¬ 
rectly  activated  by  light,  was  used  to  test  this  hypothesis.  From  the 

SEBIR  results  it  was  known  that,  for  the  most  burn-resistant  tube,  a 

2 

photoelectron  flux  with  a  power  density  of  200  watts/cm  incident  on 
the  target  would  produce  a  white  burn  in  1  min. 

This  power  density  is  equal  to  that  absorbed  in  the  target  of  a 
silicon  vidicon  when  the  sun  is  imaged  by  an  f/2  lens.  Thus,  if  the 
burn  in  the  SEBIR  tube  is  thermal  in  origin,  the  silicon  vidicon  should 
also  show  a  white  burn  after  a  1-min  exposure  to  the  sun  at  f/2.  This 
experiment  was  carried  out,  and  it  was  found  that  not  only  were  no 
white  burns  produced  after  1  min,  but  no  white  burns  were  produced 
after  exposures  as  long  as  20  min.  This  lends  strong  support  to  the 
conclusion  that  the  damage  mechanism  in  the  SEBIR  tube  is  not  thermal  in 
origin.  After  the  20-min  exposures  of  the  silicon  vidicon,  very  faint 
dark  burns  were  observed.  This  suggests  that  a  different  damage 
mechanism  from  the  one  producing  white  burns  in  a  SEBIR  tube  is  present. 

It  is  known  that  X  rays,  produced  when  the  scanning  beam  strikes 
the  field  mesh  of  a  silicon-diode-array  tube,  cause  an  increase  in 
dark  current  by  increasing  the  fast  state  density  at  the  silicon  and 
silicon  dioxide  interface  (Ref.  2). 

Since  the  white  burns  produced  in  the  SEBIR  tubes  by  intense  ex¬ 
posures  are  actually  localized  increases  in  dark  current,  it  seem, 
likely  that  an  X-ray  mechanism  is  also  present  here.  The  10-kev  photo - 
electrons  penetrate  the  first  micrometer  of  the  silicon-diode-array 
target,  producing  X-rays  with  quantum  energies  ranging  from  a  few 
electron  volts  up  to  10  kev.  Some  of  the  X  rays  pass  through  the  re¬ 
maining  10  to  15  pm  of  the  silicon  wafer  to  the  gun  side,  where  they 
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im:®;  i  -  with  the  silicon  and  silicon-dioxide  interface  to  increase 
the  dark  urrent  ne?^d".ent y . 

The  silicon  and  silicon-dioxide  interface  cannot  be  directly  af¬ 
fected  by  the  photoelectrons  because  they  are  shopped  in  the  first  1 
to  2  pm  of  the  silicon  wafer. 

Extrapolating  the  results  shown  in  Fig.  VI -6  to  normal  operating 
-4  2 

irradiances  (~5  x  10  watts/m  )  suggests  that  the  photoelectron  im¬ 
pact  process  and  the  associated  X-ray  production  will  not  be  a  serious 
limitation  to  the  operating  life  of  the  SEBIR  tube. 

C.  THE  BLOOMING  PROBLEM:  LOW-LIGHT -LEVEL  IMAGING  IN  THE 
PRESENCE  OF  HIGH -INTENSITY  POINT  SOURCES* 

Image  devices  designed  to  operate  under  low-light-level  condi¬ 
tions  are  not,  in  general,  capable  of  imaging  points  of  high  intensity 
within  a  low-light -level  scene  without  severe  spreading  of  the  point- 
source  image  into  adjacent  areas  of  the  scene.  This  effect  is  often 
called  blooming.  Low-light -level  television  systems  in  use  today  are 
often  of  little  use  in  night  surveillance  of  objects  in  close  proximity 
to  bright  man-made  illumination  sources.  These  point  sources --ground 
fires;  flares;  shipboard,  aircraft,  vehicle,  or  runway  lights — often 
contribute  a  larger  integrated  flux  level  at  the  sensor  than  that  con¬ 
tributed  by  the  entire  remainder  of  the  scene,  while  providing  little 
appreciable  illumination  to  the  objects  under  surveillance.  The  flux 
emitted  by  such  sources  is  diffused  or  spread  by  the  atmosphere  and 
the  optics.  The  resulting  phctocurrent  is,  in  turn,  further  spread 
by  the  electron  optics  and  is  scattered  and  spread  at  target  material 
of  the  camera  tube.  The  result  is  a  large  signal  spread  over  an  area 
many  times  larger  than  the  point  source,  obliterating  detail  over  a 
significant  portion  of  the  picture. 


Sections  VI-C  and  VI -D  are  abridgements  of  material  reported  at  the 
Naval  Air  Development  Center,  Johnsville,  Pa.,  principally  by 
Stephen  B.  Campana. 
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The  following  material  describes  the  magnitude  of  the  spreadirg 

that  occurs  in  practical  low-light-level  sensors  under  realistic  con¬ 
ditions  of  local  overload.  It  emphasizes  the  seriousness  of  the  prob¬ 
lem  faced  by  low-light-level  technology. 

1.  Typical  Flux  Levels 

The  flux  collected  Ky  a  3-in.  f/0.87  lens  from  various  general- 

“8 

service  frosted  lamps  is  often  at  levels  as  high  as  5  x  19  to  5  x 
10-7  watt  in  many  otherwise  low-light -level  scenes.  It  will  be  shown 
that  such  flux  levels  are  intolerable  in  existing  low-light -level 
sensors. 

2.  Test  Procedure 

The  equipment  used  to  test  the  ability  of  camera  tubes  to  contain 
the  image  of  point  sources  is  shown  in  Fig.  VI -7.  Apertures  of  varied 
diameter  were  positioned  in  front  of  an  opal  glass  illuminated  by  a 
tungsten  lamp.  The  image  of  the  resultant  point  source  was  projected 
onto  the  faceplate  of  the  sensor  under  evaluation. 


300-WATT 

INCANDESCENT 

SOURCE 


S  6-25-7 1 -7 


OPAL  GLASS 


CAMERA 

CONTROL 

UNIT 


FIGURE  VI-7.  Point-Source  Test 
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Black  electrical  tape  was  used  as  a  blocking  mask  over  a  portion 
of  the  fiber-optic  faceplate.  This  provided  a  means  of  detecting  any 
spreading  that  might  have  occurred  in  the  projection  lens.  Flux  spread 
by  the  lens  could  be  blocked  by  the  tape,  while  spreading  behind  the 
tape  could  be  attributed  to  the  camera  tube.  It  was  found  in  all  in¬ 
stances  that  the  lens  spreading  was  negligible  in  comparison  to  the 
carrm  a  tube  spreading. 

The  degree  of  spreading  was  measured  on  the  oscilloscope  and  on 
the  video  display. 

3.  Test  Results 

a.  Image  Orth  icon..  Image  spreading  in  the  image  orthicon  is 
caused  by  several  factors.  Figure  VI -8  is  a  photograph  of  the  display 
of  an  image  generated  by  a  General  Electric  type  Z7822  image  orthicon. 
The  flux  level  incident  on  the  orthicon  is  10-6  watt.  The  central 
part  of  the  image  is  a  region  of  saturation  of  approximately  30  lines 
in  diameter  on  a  500-active-line  display.  This  region  is  surrounded 
by  a  black  halo  caused  by  redistribution  of  negative  charges  o'"  the 
target  area  around  the  image.  These  redistributed  charges  neutralize 
positive  charge  induced  by  signal  photocurrent,  thus  erasing  the  in¬ 
formation  adjacent  to  the  point  source.  Further  from  the  central  cor g 
are  rings  of  signal,  apparently  caused  by  the  reflection  of  light 
transmitted  to  the  inner  structures  of  the  image  section.  These 
spreading  effects  were  unimpeded  by  the  presence  of  the  tape  at  the 
faceplate. 

In  Fig.  VI-9,  the  diameter  of  these  images  is  give*,  for  var¬ 
ious  levels  of  incident  flux.  The  central  saturated  core  did  not  in¬ 
crease  beyond  35  lines,  or  7  percent  of  the  picture  height.  It  ap¬ 
peared  that  further  expansion  of  this  core  was  inhibited  by  the  neu¬ 
tralization  effect  of  redistributed  electrons.  At  flux  levels  above 

-8  / 

5  x  10  watt  the  halo  became  the  dominant  effect.  At /these  levels 

there  were  enough  redistributed  electrons  to  neutralize  all  but  the 

highest  signal  levels.  At  flux  levels  above  2.5  x  10-7  watt  the  rings 

appeared.  The  signal  level  of  the  rings  reached/100  na  at  1.5  x  10~6 

watt . 
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IMAGE  DIAMETER,  percent  of  raster  height 


LIGHT  OFF 


■  IGHT  ON 


S6-25-71-8 

FIGURE  VI-8.  Image  Spreading  in  3-in.  Orthicon.  Flux  Contributed  by  Point 
Source  at  Photocathode  of  General  Electric  Z78?2  Orthicon 

is  ~  10"^  watt,  2870°K 


FIGURE  VI-9.  Image  Spread  in  3-in.  Image  Orthicon  Versus  Incident  Flux 
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hot  REPRODUCIBLE 


The  performance  of  the  image  orthicon  under  these  conditions 
is  further  degraded  by  an  effect  that  does  not  appear  in  this  data. 

To  discharge  the  saturated  core  of  the  point-source  image,  the  beam 
current  had  to  be  set  to  discharge  1  pa  of  peak  signal.  Thlts,  in  the 
presence  of  point  sources  the  beam  current  cannot  be  reduced  to  op¬ 
timize  the  signal -to -noise  ratio  of  the  low-light-level  areas  of  the 
scene. 

After  being  exposed  to  the  various  flux  levels  used  in  the 
evaluation,  a  negative  afterimage  of  the  saturated  central  area  re- 
mained  on  the  target.  The  persistence  of  this  afterimage  depended  on 
the  duration  of  the  exposure,  but  it  usually  lasted  several  minutes. 

No  i  rmanent  changes  in  the  target  quality  were  observed  after  testing 
was  completed. 

b.  SEC  Vidicon.  A  Westinghouse  WX31189,*  25 -mm  SEC  vidicon  was 
tested  over  the  same  range  of  incident  flux.  The  line  video  of  the 
image  of  the  point  source  was  bell-shaped,  as  indicated  in  Fig.  VI-10. 
The  top  of  the  bell  is  clipped  at  a  saturation  level  determined  by  the 
target  voltage.  The  diameter  of  the  distribution  at  va  ious  signal 
levels  was  measured  and  is  plotted  as  a  function  of  incident  flux. 

The  point-spread  function  above  the  5-na  level  is  extremely  steep. 
Therefore,  signal  variation  induced  by  scene  details  adjacent  to  the 
high -in tensity  point  source  would  not  be  resolvable  within  the  area 
bounded  by  the  5-na  signal  level  diameter.  Detail  between  the  1-  and 
5-na  contours  would  be  reduced  in  contrast  to  a  degree  dependent  on 
the  relative  levels  of  the  signal  and  stray  flux. 

It  has  been  suggested  (Ref.  3)  that  the  increase  in  image 
area  is  due  to  the  buildup  of  the  "tail"  of  the  point-spread  function 
of  the  electrostatic  image  section  lens,  rather  than  to  lateral  leak¬ 
age  in  the  SEC  target.  Further  investigation  is  required  to  c^et^rmine 
the  exact  causes  of  image  spreading  in  the  SEC  tube. 

I 

* 

One  of  the  very  first  SEC  tubes  that  reached  operational  performance. 
Currently,  the  tube  is  considered  obsolete,  but  it  is  interesting  for 
the  purposes  of  this  analysis. 
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INCIDENT  FLUX,  wait,  2870°K 

s  6-25-7} -10 


FIGURE  VI-10.  Image  Spread  in  25-mm  SEC  Vidicon  Versus  Incident  Flex 


The  net  effect  of  spreading  in  the  SEC  is  that  at  5  x  10 
watt  over  50  percent  of  the  picture  area  is  obscured  by  the  point- 
source  imag^. 


Exposure  to  high  flux  levels  resulted  in  a  dark  spot  on  the 
SEC  target.  This  spot  was  visible  only  when  the  tube  was  illuminated, 
thus  it  appeared  to  be  an  area  of  decreased  target  gain.  The  inten¬ 
sity  of  the  blemish  seemed  to  fade  with  time.  However,  after  10  hours 
the  current  dip  at  the  blemish  was  10  na  below  a  150-na  signal. 


c.  SEBIR  Camera  Tube  [The  RCA  Silicon-intensif ied-Target  (SIT) 
Camera  Tube],  The  low-light-level  performance  characteristics  of  an 


RCA  C21117B  40-mm  SEBIR  silicon-diode-array  camera  tube  have  shown 
that  the  tube  has  exceptional  properties  as  a  low-light -level  sensor. 
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However,  as  with  the  other  tubes,  its  performance  is  seriously  degraded 
by  its  inability  to  contain  point-source  images*  Figure  VI-11  illus¬ 
trates  the  progression  of  image  spread  at  the  silicon-diode-array  tar¬ 
get  as  the  intensity  of  the  point  source  is  increased.  It  can  oe  seen 
that  the  image  spreads  in  a  well-defined  circle.  Within  the  circle 
the  signal  current  reaches  the  limit  set  by  the  beam,  while  the  area 
outside  the  circle  is  dark  except  for  the  small  signal  induced  by 
stray  flux  at  the  photocatbode .  In  Fig.  VI-12  the  size  of  the  point- 
source  image  is  plotted  as  a  function  of  the  total  incident  flux  con¬ 
tained  in  the  image  at  the  photocathode.  At  flux  levels  below  5  x. 

10  ^  watt  the  diameter  varies  as  the  square  root  of  the  flux;  thus, 
the  area  of  the  image  increases  in  direct  proportion  to  the  intensity. 
It  appears  that  this  spreading  occurs  in  the  common  substrate  of  the 
silicon  diode  target.  As  diodes  in  the  vicinity  of  the  point  source 
become  saturated,  holes  will  diffuse  laterally  until  they  are  swept 
across  the  reverse-biased  junction  of  the  nearest  unsaturated  diode. 
This  abrupt  circle  of  saturation  is,  therefore,  caused  by  the  switch¬ 
ing  of  the  diodes  from  a  reverse-biased  to  an  unbiased  mode. 

Beyond  5  x  10  ^  watt  the  rate  of  spreading  decreases  and 
eventually  approaches  zero.  This  deviation  from  the  half -power  slope 
is  due  to  bulk  recombination  in  the  substrate.  While  the  holes  are 
prevented  from  returning  to  the  surface  of  the  target  by  the  n+  coat¬ 
ing,  they  are  still  subject  to  the  slower  recombination  rate  in  the 
bulk  material.  As  flux  increases,  holes  must  travel  longer  distances 
in  the  substrate  to  reach  back -biased  diodes.  At  high  flux  levels  a 
large  proportion  of  the  holes  recombine,  thus  reducing  spreading.  In 
Fig.  VI-13  an  expression  describing  the  balance  of  charge  flow  in  the 
silicon  target  at  equilibrium  is  developed.  Values  for  the  constants 
K  and  have  been  calculated  by  using  the  empirical  data.  It  should 
be  noted  that  the  derived  value  of  Lp  is  higher  than  that  usually  as¬ 
sociated  with  silicon.  This  may  be  due  to  the  fact  that  litt'.e  sur¬ 
face  recombination  is  permitted  by  the  n+  coating.  *  Bulk  recombination 
occurs  much  more  slowly  than  surface  recombination. 
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Spread  Image  Diameter:  4  TV  lines 


Flux  Level:  5x10  ^  watt/  2370°K 


Spread  Image  Diameter:  31  TV  lines 


Flux  Level:  1.5x10  ^watt,  2870°K 


Spread  Image  Diameter:  62  TV  lines 
Flux  Level:  3x10  ^  watt/  2870  K 


Spread  Image  Diameter:  13  TV  lines 


Flux  Level:  1.5x10  ^  watt/  2870° K 


Spread  Image  Diameter:  95  TV  lines 


Flux  Level:  3.5x10  Bwatt/  2870°K 


FIGURE  VI-11.  Image  Spreading  in  40-mm  RCA  SEBIR  Camera  Tube 
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REPR0DUC'BlE 


IMAGE  DIAMETER,  percent  of  faster  height 


INCIDENT  FLUX,  wott,  287C°K 

S 6-25-71 -12 


FIGURE  VI-12.  Image  Spread  In  40-mm  RCA  SEBIR  Camera  Tube  Versus  Incident  Flux 
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The  expression  developed  exactly  fits  the  measured  data.  In 
Fig.  VI-12  the  spreading  that  might  be  expected  in  a  target  material 
with  ;j  shorter  recombination  time  is  shown.  Recombination  lengths 
shorter  than  one  mil  would  reduce  gain  to  unacceptable  levels. 

After  the  point-source  testing  of  the  SEBIR  tube,  some  per¬ 
manent  target  deterioration  was-  observed.  The  deterioration,  in  the* 
form  of  an  increase  in  localised  dark  current,  occurred  after  repeated 
exposure  to  the  flux  levels  in  the  range  of  Fig.  VI -12.  The  highest 

flux  density  used  in  all  of  the  point-source  testing  was  ~  4.5  watts/ 
o 

m  at  the  photocathode.  The  dark  current  variation  was  less  than  5  na 
and  did  not  seriously  impair  the  quality  of  the  imagery. 

d.  Comparison  of  Results.  In  Fig.  VI -14  the  results  presented 
previously  are  combined.  Since  each  of  the  tubes  tested  had  a  dif¬ 
ferent  phttocathode  sensitivity,  the  spreading  diameter  is  presented 

as  a  function  of  photocurrent  rather  than  of  flux.  (A  photocathode 

-10  -8 

with  a  sensitivity  of  2.0  ma/watt  will  generate  10  amp  for  5  x  10 
watt  at  2870°K.)  It  can  be  seen  from  these  data  that  the  problem  in 
each  of  the  tubes  is  of  sufficient  magnitude  to  merit  concern. 
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D.  VARIOUS  SPREAD  EFFECTS  IN  SEBIR  TUBES 

The  image  spreading  problem  is  further  increased  by  the  addition 
of  a  multielement,  large-aperture  lens.  While  image  spreading  occurs 
to  some  degree  in  every  optical  and  electrooptical  image  transfer 
stage  in  every  image  device,  there  are  three  prime  contributors  of 
image  spread  in  th  SEBIR  camera  txibe:  (1)  stray  flux  in  the  imag'e 
section,  (2)  lateral  target  leakage,  and  (3)  inversion. 

1 •  Stray  Flux  (Eight  ,'eed -Through)  in  the  Image  Section 

The  silicon-diode-array  target  material  is,  of  course,  photo¬ 
sensitive.  Thus,  in  a  SEBIR  tube,  precautions  must  be  made  to  prevent 
radiation  in  the  spectral  xange  of  silicon  from  reaching  the  target. 
Radiation  from  an  inadequately  shielded  filament  could,  for  example, 
raise  the  dark  current  of  a  SEBIR  tube.  Also,  light  passing  through 
the  semitransparent  photocathode  could  conceivably  reach  the  target 
and  produce  a  spurious  signal.  Under  average  conditions,  where  the 
intrascene  brightness  range  is  not  excessive,  the  true  signal,  pro¬ 
duced  by  the  SEBIR  process,  will  completely  mask  this  stray  signal. 
However,  when  there  is  a  small  point  of  high  intensity  within  an  other¬ 
wise  low-light -level  scene,  flux  from  the  image  point  at  the  photo¬ 
cathode  passes  through  the  photocathode,  and  a  substantial  proportion 
may  reach  the  ta..  jet  and  drastically  reduce  contrast  in  areas  sur¬ 
rounding  the  point.  The  fraction  of  this  flux  that  reaches  the  target 
is  reduced  by  the  electron-optics  elements  of  the  image  section.  In 
particular,  the  aperture  in  the  anode  cone  acts  like  a  pinhole,  imaging 
the  flux  pattern  on  the  photocathode  onto  the  target.  Tubes  whose 
electron  optics  designs  utilize  a  very  small  anode  cone  aperture  will, 
of  course,  transmit  a  very  small  proportion  of  stray  flux  to  the  tar¬ 
get.  Anotner  effective  means  of  preventing  stray  flux  from  producing 
a  spurious  signal  is  to  add  a  buffering  layer  to  the  n-type  substrate 
at  the  input  side  of  the  target. 

The  first  SEBIR  tubes^  built  by  RCA  did  not  have  the  buffering 
layer.  However,  the  trioci  electron  lens  used  in  the  image  section 
has  a  very  small  anode  cone  aperture,  and  there  was  little  evidence  of 
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stray  fliix  in  the  early  tubes.  The  buf ferine  layer  was  added  later  to 
increase  the  gain  control  range.  Until  very  recently,  Westinghouse 
SCBIR  tubes  did  not  use  a  buffering  layer.  Their  anode  cone  aperture 
was  large  enough  (about  1/4  in.  in  diameter)  to  pass  considerable 
stray  flux  to  the  target.  Thus,  the  image  of  a  point  light  source 
produced  by  these  tubes  was  characterized  by  a  halo  of  signal  around 
a  central  saturated  core  (Ref.  4).  A  buffering  layer  has  now  been 
incorporated  into  the  Westinghouse  tubes,  and  some  consideration  is 
being  made  to  decreasing  the  size  of  the  anode  cone  aperture.  Phillips 
tubes  currently  do  not  use  a  buffering  layer. 

2.  Lateral  Target  Leakage 

The  most  important  component  of  image  spread  in  silicon  target 
tubes  is  lateral  hole  diffusion  in  the  common  substrate  of  the  silicon 
target  array.  This  mechanism  has  been  completely  described  and  modeled 
in  Ref.  5.  Carrier  recombination  serves  to  limit  this  effect.  The 
recombination  length  exhibited  by  the  Westinghouse  tube  reported  in 
Ref.  4  was  somewhat  shorter  than  that  of  the  RCA  tube  reported  in  Ref. 

5.  Phillips  and  Hughes  claim  to  have  tubes  Whose  target  structure 
provides  a  degree  of  diode  isolation  in  the  substrate,  thereby  in¬ 
hibiting  lateral  spread  and  reducing  the  effective  diffusion  length. 

A  program  to  reduce  lateral  silicon  target  spread  has  been  initiated 
by  the  Army  Night  Vision  Laboratories. 

3.  Inversion 

The  inversion  process  is  characterized  by  an  uncontrolled  charge 
spreading  under  the  silicon-dioxide  layer  on  the  readout  side  of  the 
target.  This  effect  is  described  in  detail  in  Ref.  6.  In  brief,  when 
a  large  voltage  difference  exists  between  adjacenu  diodes,  an  inversion 
layer  forms  under  the  oxide,  thus  shorting  the  originally  isolated 
diodes.  A  large  voltage  difference  occurs  when  a  high  signal  is  in¬ 
duced  on  a  part  of  the  target,  while  the  remainder  of  the  target  is 
unaffected.  The  diodes  in  the  signal  area  are  discharged  during  the 
scanning  cycle,  thus  reaching  a  voltage  near  the  target  bias  potential. 
The  unexposed  diodes  remain  near  gun  potential.  Thus,  the  maximum 
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potential  between  diode  elements  is  the  difference  between  the  target 
bias  and  gun  potential,  the  latter  of  which  is  usually  at  ground  po¬ 
tential.  Shorted  diodes  are  a  prime  target  for  inversion.  However, 
one  cannot  assume  that  because  inversion  has  not  occurred  around  blem¬ 
ishes  it  will  never  occur.  Most  defective  diodes  have  sufficient  re¬ 
sistivity  to  prevent  the  p-type  inland  from  reaching  maximum  target 
potential.  However,  a  high -intensity  point  source  completely  saturates 
diodes  in  an  area  around  it.  At  the  boundary  of  this  area,  the  maximum 
lateral  voltage  difference  exists,  and  inversion  could  occur.  When 
inversion  does  occur,  an  irregular  area  spreads  outward  from  the  point 
until  discontinuities  in  the  target  structure  halt  its  growth.  Vjhen 
the  target  bias  potential  is  gradually  lowered,  a  point  is  reached 
where  inversion  cannot  occur,  and  the  spread  image  abruptly  switches 
from  a  large  irregular  oval  shape  to  a  smaller  regular  circular  area 
concentric  with  the  point .  For  the  Westinghouse  SEBIR  tube  reported  in 
Ref.  4,  this  switch  occurred  at  about  12.5  volts,  although  the  manu¬ 
facturer  recommended  operation  at  15  volts.  To  avoid  the  extreme 
spreading  effects  of  inversion,  tubes  should  operated  at  a  target 
potential  below  the  breakover  point.  In  some  tubes,  the  lag  experi¬ 
enced  at  the  reduced  target  potential  may  be  excessive.  Therefore, 
lag,  dark  current,  and  image  spreading  should  be  specified  at  a  fixed 
target  potential.  RCA  targets  utilize  a  "conductive  sea"  structure, 
and  are  therefore  not  susceptible  to  inversion.  Among  "resistive  sea" 
type  tubes,  it  is  expected  that  a  wide  variation  of  inversion  charac¬ 
teristics  will  be  encountered. 

4.  Summary 

To  summarize  briefly,  three  prime  contributors  to  image  spreading 
in  SEBIR  tubes  are  (1)  stray  flux  in  the  image  section;  (2)  lateral 
charge  leakage  in  the  target  substrate;  and  (3)  inversion.  Stray  flux 
can  be  adequately  controlled  by  depositing  an  opaque  layer  on  the  input 
side  of  the  target.  Inversion  can  be  avoided  by  using  "conductive  sea" 
targets,  or  by  carefully  selecting  "resistive  sea"  targets  with  regard 
to  their  inversion  properties.  Lateral  charge.,  leakage  remains  a  prob¬ 
lem  to  be  solved  by  .aodif ication  to  the  target  structure. 
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These  effects  must  be  considered  when  tube  specifications  are 
written.  Specifications  that  define  the  ratio  of  acceptable  image 
growth  for  a  given  set  of  point  source  intensity  conditions  do  not 
adequately  reflect  the  physical  characteristics  of  the  SEBIR  camera 
tube.  The  image  diameter  at  no  less  than  two  signal  levels  should  be 
specified  for  a  given  input  image  size  and  at  an  intensity  several 
orders  of  magnitude  above  the  saturation  point. 

The  following  image  spreading  specification  has  been  used  in  a 
contract  for  a  25-mm  SEBIR  tube: 

"The  spreading  of  the  image  of  a  point  source  whose 
intensity  is  sufficient  to  saturate  the  target  lo¬ 
cally  shall  fall  within  the  following  constraints: 

1.  No  spreading  due  to  an  inversion  in  the 
silicon  dioxide  layer  shall  occur  at  the 
rated  target  voltage. 

2.  The  signal  current  produced  by  image  spread¬ 
ing  in  the  camera  tube  shall  not  exceed  5  na 
outside  a  diameter  around  the  center  of  the 
image  that  is  25%  c  :  the  picture  height  and 
50  na  outside  a  diameter  that  is  20%  of  the 
picture  height,  when  a  circular  image  less 
than  .02"  in  diameter  is  incident  on  the 
tube  faceplate  with  an  intensity  sufficient 
to  provide  15  na  of  primary  photocurrent. 

3.  Spreading  measurements  shall  be  done  with 
the  same  tube  operating  voltages  as  used 
in  making  all  other  measurements." 

The  above  specification  may  not  be  greeted  eagerly  by  all  tube 
manufacturers.  Depending  on  his  application,  a  buyer  may  wis.  to  re¬ 
lax  the  specification  in  some  respects.  However,  this  specification 
takes  into  consideration  all  of  the  SEBIR  characteristics,  and  leaves 
no  room  for  surprises  upon  receipt  of  the  tubes.  A  specification  of 
this  kind  must  be  flexible  and  must  be  tightened  to  reflect  improve¬ 
ments  in  silicon  diode  array  technology  as  they  are  made. 
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VII.  SOME  BRIEF  COMMENTS  ON  IMPORTANT  TUBE 
PARAMETERS  AND  THEIR  SPECIFICATION 

by  Lucien  M.  Biberman 

In  an  effort  to  better  relate  specifications  and  performance,  it 
is  now  necessary  to  admit  that  the  military  application  of  Ipw-light- 
level  television  is  different  from  the  use  of  commercial  studio  tele¬ 
vision  cameras  in  rright  white  light. 

A.  SIGNAL -TO -NOISE  DEPENDENCE  ON  SPECTRAL  COMPOSITION 

A  meaningful  specification  of  the  performance  of  camera  tubes 
must  be  based  on  S/N  at  the  display  versus  spatial  frequency  (Fig. 
VII-1)  when  flooded  by  irradiance  of  a  known  spectral  composition  at 
a  known  power  level.  It  makes  no  sense  to  calibrate  a  camera  with 
visible  light  of  some  given  spectral  distribution  and  use  it  with  some 
other  kind  of  distribution,  i.e.,  invisible  (covert)  irradiance. 

B.  SIGNAL-TO-NOISE  VERSUS  LIMITING  RESOLUTION 

It  has  been  shown  that  probability  of  detection  is  related  to  the 
signal-to-noise  ratio  as  a  function  of  spatial  frequency  at  the  dis¬ 
play  and  is  in  general  not  determined  by  "limiting  resolution." 

C.  SPECTRAL  RESPONSE 

If  broad-band  spectral  sensitivity  is  desired,  and  it  is  often 
useful  for  quality  control  or  rough  comparative'  calculations,  one 
should  specify  the  performance  in  terms  of  a  known  distribution  source 
and  bandwidth,  i.e,,  a  2854°X  source  between  and  0.95  micron. 

Such  a  specification  permits  one  to  compare  tubes  in  the  region  of 
interest.  Thus,  one  might  quote  a  response  of  3  fna/watt  of  2854°K 
radiation  between  0.6  and  0.95  micron  a„  a  somewhat  useful  criterion 
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for  tubes  to  be  used  with  that  sort  of  irradiance.*  Under  many  con¬ 
ditions  a  source  of  2000°K  may  be  appropriate,  while  under  o'ther  con¬ 
ditions  a  source  or  a  source  plus  a  filter  to  yield  a  distribution  of 
4000°K  or  even  5000°K  may  be  appropriate . 

The  usual  values  of  microamperes  per  lumen  that  are  used  in  com¬ 
mercial  broadcast  television  do  not  offer  much  help  or  guidance  in 
evaluating  tubes  to  operate  under  natural  levels  of  light  distribution 
from  the  night  sky.  They  make  even  less  sense  when  used  with  camera 
tubes  that  see  by  reflected  laser  radiation  in  the  near  infrared, 

where,  definition,  there  are  no  footcand?.es . 

\ 

If  the  anticipated  application  for  a  device  is  under  a  moonless 
night  sky,  an  appropriate  test  source  would  be  a  2000°K  source.  On 
the  other  hand,  if  the  night  sky  is  moonlit,  a  more  appropriate  test 
source  would  be  5000°K.  At  any  rate,  the  universal  2854°K  test  lamp 
is  useful  only  for  arbitrary  quality  control  and  does  not  lend  insight 
into  performance  in  actual  applications. 

I 

D.  SENSITIVITY  AND  RESOLUTION 

Sensitivity  and  resolution  must  not  be  quoted  as  two  independent 
parameters.  Rather,  one  should  specify  SNR^  as  a  function  of  spatial 
frequency  for  a  number  of  light  levels.  The  actual  data  required  are 
data  of  the  form  of  Fig.  VII-1.  For  more  limited  appraisals  one  can 
use  an  approximation  to  SNRD,  i.e.,  IgR^CN),  where  Ig  includes  the 
•cathode  response  and  tube  gain  factors  while  R^(N)  is  the  spatial 
frequency  response  of  the  tube.  One  may  well  compare  tubes  on  the 
basis  of  this  factor  of  merit  as  long  as  comparison  is  made  at  the 
same  specific  value  of  input  illumination  and  the  same  specific  value 
of  resolution. 


* 

Spectral  distributions  for  real  and  standard  sources  are  given  and 
discussed  in  Ref.  1. 
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E .  LAG  EFFECTS 


In  some  tubes,  lag  is  an  asset  for  some  important  application, 
while  in  others  it  is  the  chief  demerit.  Needs  in  this  area  are  not 
clearly  defined,  and  only  interim  methods  are  available  for  measure¬ 
ment  and  characterization. 

An  analytical  description  of  capacitive  lag  has  been  available 
since  1957  (Ref.  2)  and  it  has  been  used  within  the  last  year  (Ref.  3) 
to  predict  in  accurate  quantitative  detail  the  lag  performance  of  a 
particular  camera  tube  for  a  wide  variety  of  conditions.  Capacitive 
lag  requires  two  parameters  for  its  description- -one  electron  gun 
parameter  and  one  target  parameter.  Lag  in  the  target  or  from  the 
phosphors  in  an  intensifier  can  also  be  described  by  two  parameters 
since  they  are  also  in  general  hyperbolic  decays.  There  is  no  big 
theoretical  problem  in  handling  lag — it  is  a  people  problem.  As  long 
as  people  insist  on  trying  to  describe  a  multiparameter  phenomenon  with 
one  number  there  will  be  a  problem  in  describing  lag  and  camera  tube 
systems  in  general. 

Lag  is  troublesome  in  moving  scenes.  Lag  causes  image  smear.  It 
deteriorates  aperture  response,  SNR^,  and  image  quality.  It  is  a  fuzz 
factor.  Like  most  fuzzy  things,  it  has  as  yet  no  good  metric. 

In  a  recent  paper  (Ref.  4)  Otto  Schade  has  summarized  the  most 
important  factors  governing  the  performance  of  high  definition  electro- 
optical  systems.  That  most  excellent  paper  applies  quite  broadly  to 
such  systems,  even  though  its  emphasis  is  on  che  ASOS  surface  vidicons. 
We  have  therefore  included  an  abridged  portion  of  that  paper  as  part 
of  these  comments  to  indicate  the  use  of  the  preceding  equations  and 
calculations  in  Part  V. 

In  the  following  material  Schade  points  out  that  the  basics  of 
high-definition  systems  at  lower  light  levels  lie  in  storage  of  suf¬ 
ficient  signal  in  a  suitable  charge  storage  surface.  He  goes  on  to 
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relate  the  characteristics  of  the  storage  surface  to  readout  time. 
This  treatment,  along  with  the  Redington  paper  (Ref.  2),  helps  in 
understanding  the  lag  problem. 

jrrn  HE  PRINCIPAL  purpose  in  most  applications  of  a  high- 
■  definition  imaging  system  is  the  detection  and  recognition  of 
i  the  fine  structure  of  small  objects  over  a  large  range  of  object 
contrasts.  A  low-noise  system  having 

a  moderately  good  frequency  response  can  provide  the  same  resolving 
power  as  a  system  having  a  considerably  higher  frequency  response 
and  higher  noise  level,  particularly  at  low  object  contrasts. 

High  signal-to-iioise  ratios  in  smai.  areas  require,  in  principle,  a 
high  particle,  or  quantum,  density,  i.e.,  a  large  number  of  photons, 
electrons,  or  grains  per  unit  area.  It  follows  that  high  resolution  can 
be  obtained  at  very  low  levels  of  illumination  only  by  long  time  ex¬ 
posures  and  accumulation  of  quanta  in  a  suitable  storage  surface. 
Therefore,  when  the  gain  of  a  system  is  increased  by  the  addition  of 
multiplier  or  intensifler  stages  to  compensate  for  reduced  photon*  input 
(for  low  light-level  operation),  the  resolving  power  of  a  theoretically 
perfect  system  decreases.  However,  because  a  practical  system  contains 
additional  noise  sources  tha*  may  limit  performance  more  than  noise 
in  the  photon  conversion  process,  the  resolving  power  of  a  practical 
system  may  be  increased  at  low  light  levels.  The  usefulness  of  signal- 
intensifier  stages  depends  on  the  location  and  value  of  the  noise  sources 
in  the  system.  It  further  depends  on  the  frequency  characteristic  of 
the  intensifler  stage,  which  must  be  considerably  better  than  that  of 
the  remaining  system  elements  in  order  not  to  offset  a  decrease  in 
overall  n^se  by  a  decrease  of  high-frequency  signals. 

The  calculated  values  of  re  solving-power  functions  can  be  used  to 
predict  the  performance  of  an  imaging  system  and  evaluate  proposed 
changes  in  system  elements  intended  to  improve  the  sensitivity  or  the 
general  performance  of  the  system. 

The  resolving  power  of  the  storage  surface  in  television  cameras 
is  basically  independent  of  area.  However,  the  observable  resolving 
power  may  be  a  function  of  area  because  it  depends  on  the  parameters 
of  the  camera,  that  is,  the  optics  used  for  exposure,  the  electron  optics 
required  for  signal  readout,  and  the  signal  development  process,  which 
are  generally  functions  of  area  (X,  Y)  and  time.  The  development  of 
a  signal,  for  example,  requires  a  certain  time  for  each  square  milli¬ 
meter  of  the  storage  surface.  Thus,  the  sequential  signal  development 
in  a  television  camera  requires  a  read-out  time  proportional  to  the 
number  of  square  millimeters  in  a  given  storage  surface. 

The  time  required  for  reading  out  a  unit  surface  area  (1  mms)  is  a 
function  of  the  unit  capacitance,  the  charge  potential,  and  the  V/i 

*  Photon  in  this  paper  is  used  as  a  unit  of  radiation  energy.  It  is  not 
meant  to  imply  a  “noisy’’  flow  of  random  quanta. 
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characteristics  of  the  ret  ding  beam.  To  clarify  the  dependence  of 
sensitivity,  conversion  efficiency,  and  resolution  on  the  time-to-capaci- 
tance  ratio  t/C,  and  to  avoid  misinterpretation  of  the  resolviig-power 
functions  computed  subsequently  for  specific  operating  modes,  a  dis¬ 
cussion  of  the  signal  read-out  process  is  appropriate. 

i.  CharacterUtici  of  Charge  Storage  Surface • 

The  storage  surface  of  a  television  camera  tube  is  charged  and 
discharged  by  essentially  constant  currents.  The  charge  q(1)  in  a  unit 
area  of  storage  surface  is  given  by 

7<t)  =  C(t)  V  =  (15a) 

and  the  electron  density  is  given  by 

Bd)  =  (15b) 

where 

4(i)  =  charge/mm3  (coulombs), 

C,D  =  capacitance/mm3  (farads), 

V  =  potential  (volts), 

*«<n  =  mean  current  density  (per  mm3)  during  time  t 
qt  —  1.6  X  10-1#  =  charge  of  one  electron. 

The  electron  or  charge  density  in  the  storage  surface  is  built  up 
by  a  current  (i)  during  a  short  exposure  time  t  —  te.  This  charge 
potential  can  be  removed  or  read  out  by  an  identical  current  when  the 
read-out  time  t,  equals  t„  or  by  smaller  or  larger  currents  when  t,  is 
made  correspondingly  larger  or  smaller  than 

The  maximum  charge  potentional  that  can  be  read  out  by  a  low- 
velocity  electron  beam  is  generally  limited  to  VB„  =  6  volts,  because 
of  electron  reflection  and  secondary  emission  at  the  storage  surface. 
(This  value  may  be  some.,  ,.at  higher  for  very  porous  surfaces  and 
lowei  for  smooth  surfaces,  and  it  decreases  for  high  field  gradients.) 
For  high-definition  signals,  the  value  of  the  read-out  current  is  lim.tad 
to  less  than  200  nA  because  of  the  increasing  spread  of  electron 
velocities  with  current  density.  Therefore,  in  high-definition  storage 
surfaces,  which  must  have  i  high  unit  capacitance  and  a  large  surface 
area,  the  minimum  read-out  time  may  be  in  the  order  of  seconds. 

The  unit  capacitance  C(J)  required  for  a  storage  surface  having 
the  resolving  power  of  high-resolution  aerial  film  (470  cycles/mm  for 
Kodak  type  4404)  can  he  determined  from  the  noise  equivalent  particle 
density  of  this  emulsion,  which  has  the  value  n„  ,,,  =  1.0  x  107  electrons 
per  mm-  at  maximum  resolving  power.1  Because  of  the  added  beam- 
current  noise  in  the  television  read-out,  the  equivalent  electron  density 
must  be  approximately  5  times  this  value,  that  is,  n1(ll/  =  5  X  107 
electrons/mm3.  This  value  represents  the  equivalent  charge  density  of 
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Table  /—Approximate  Characteristics  and  Minimum  Readout  Times  of 
Charge  Storage  Surfaces  (V  =  V..s,  90%  Discharge) 


Equiv. 

Type  of  Thickness  Cm 
Surface  (microns)  (pF) 

a.  (i, /volt 

Charge 

Potential 

V„„ 

Readout  Time’t, 
(Sec) 

(A—l  cm’)  (A =25  cm’) 

4404  Film  2 

8 

6  X  10T 

4.26 

0.0346 

0.86 

ASOS  photo-  1 

ISC 

1  X  10* 

6 

0.386 

9.60 

conductor 

89 

6  X  10* 

6 

0.192 

4.8 

Porous  photo-  4 

conductor 

(Vidicon) 

10 

6.26  X  10’ 

6 

0.024 

0.60 

Plumbioon  14.3 

3.7 

2.3  X  10T 

6 

0.0089  Insuif. 

storage 

S.E.C.  12 

(Westinghouse) 

0.8 

5  X  10* 

0 

0.0019 

0.0476 

Glass  26 

Target  Image 
Orthicon 

0.36 

2.2  X  10* 

4 

0.00168 

0.0396 

9  t/C  =  24  for  V«.«  =  6  V 
t!C  =  46  for  V«.m  =  4  V 


the  4404  emulsion  obtained  with  a  1-volt  potential,  because  t.iis  emul¬ 
sion  has  a  sufficient  number  of  grains  for  4.25  times  this  density,  or 
an  equivalent  electrical  potential  of  4.25  volts.  The  equivalent  unit 
capacitance  of  this  film  is  C(l)  =  8  X  10-12  farad. 

The  noise  equivalent  sampling  area  of  the  4404  emulsion  has  a 
diameler  of  2  microns.  Because  the  equivalent  potential  spread  of  a 
point  charge  on  an  electrical  storage  surface  is  approximately  equal  to 
its  thickness  d,  an  electrical  storage  surface  having  a  thickness  of  2 
microns  has  the  same  sampling  area  as  the  4404  emulsion.  (The  beam 
senses  the  potential  and  not  the  charge  itself.) 

Table  I  compares  the  constants  of  various  charge  storage  surfaces 
with  these  reference  values. 

The  minimum  read-out  time  (t,)  computed  for  a  30%  discharge 
(see  following  section)  is  given  for  a  1  cm2  area  (one-inch  vidicons  and 
similar  television  camera  tubes)  and  for  the  25-cm2  area  of  develop¬ 
mental  high-definition  vidicons. 

The  last  three  surfaces  listed  in  Table  I  hive  small  capacitances  and 
are  thus  particularly  suited  for  live  pickup  in  standard  television 
systems  because  an  adequate  discharge  can  be  obtained  in  1/30  second. 
Their  resolving  power  is  lower,  however,  because  o’f  the  greater  thick¬ 
ness  and  lower  electron  density. 


It  can  be  seen  that  lag  is  a  complex  thing  to  define  as  a  ”one- 
number  parameter.”  It  is  a  function  principally  of  the  capacitance 
of  the  storage  surface,  the  reflectance  of  that  surface,  the  magnitude 
and  geometry  of  the  reading  beam,  and  the  level  of  the  signal  stored. 
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All  tabes  exhibit  appreciable  lag  when  operating  at  very  low  sig¬ 
nal  levels.  For  example,  the  Plumbicon®  can  provide  useful  low- 

light-level  imagery  if  cascaded  to  two  intensifier  stages,  but  the 

2 

signal  level  is  so  low  that  the  lag  makes  the  I  -PV  camera  of  little 
value.  Three  intensifiers  or  a  channel  plate  can  drive  the  Plumbicon 
hard  enough  to  make  lag  come  within  reasonable  bounds,  but  now  the 
IT  F  of  the  intensifiers  or  the  channel  plate  renders  the  image  quality 
too  low  for  any  demanding  applications. 

Unfortunately,  though  the  interrelation  of  resolving  power,  signal 
level,  and  lag  are  qualitatively  and  intuitively  understood  by  some 
and  perhaps  definitively  understood  by  a  few,  no  good  relationship  is 
available  to  allow  the  interaction  to  be  expressed  as  a  simple  factor 
of  merit  by  which  to  broadly  classify  the  quality  of  tubes. 

To  a  large  extent,  the  best  tubes  are  all  good,  perhaps  with  dif¬ 
ferent  degrees  of  excellence  in  different  specific  parameters.  The 
plot  shown  in  Fig.  VII -2  shows  that  the  SNR^  curves  cluster  rather 
tightly  for  the  better  tubes  at  a  given  level  of  signal  current.  It 
can  be  seen  in  that  figure  that  the  rank  order  of  the  tubes  changes 
with  light  level,  and,  at  a  given  light  level,  with  the  amount  of 
resolution  desired. 

These  differences  in  SNR^  for  the  better  tubes  are  not  great, 
however,  and  it  now  becomes  necessary  to  choose  among  the  good  tubes 
on  the  basis  of  other  factors  such  as  lag,  burn  resistance,  and  life. 

One  must  consider,  for  example,  the  excellent  spatial  resolution 
of  the  isocon  at  the  higher  of  the  nighttime  light  levels,  but  one 
must  not  forget  how  quickly  that  spatial  resolution  decays  at  the 
lower  levels.-  Where  the  levels  are  moderate,  it  will  be  hard  to  find 
a  better  tube  than  the  4. 5 -in.  (40 -mm  cathode)  isocon.  The  secondary 
electron  redistribution  effect  (blooming)  in  the  isocon  is  a  built-in 
overload  protection  that  simultaneously  gives  a  form  of  edge  sharpening 
to  some  imagery  (at  the  expense  of  other  properties)  and  ensures 
against  target  damage  from  localized  bright  images. 


512 


FIGURE  VII-2.  Comparison  of  SNR-  Versus  Resolution  for  Various  Low- Light- Level 

D  '  _]2 

Cameras  at  Input  Photocathode  Currents  of  10  amp  (Curves  at 
Left)  and  10  ^  amp  (Curves  at  Right) 


One  must  also  temper  one’s  enthusiasm  for  the  performance  of  the 
silicon  diode  array  devices  with  some  caution  about  tube  life.  Various 
conflicting  reports  range  from  industrial  guarantees  of  not  over  500 
hours  to  industrial  reports  of  several  thousands  of  hours  of  satis¬ 
factory  operation.  Part  VI  of  this  report  shows  that  in  some  experi¬ 
ments  the  damage  threshold  of  the  better  targets  has  reached  a  more  or 
less  common  level. 

One  might  well  begin  to  recognize  that  the  present  need  is  not  so 
much  for  better  camera  tubes  as  it  is  for  a  means  to  concentrate  on  a 
few  tubes  to  get  production  volume  on  these  better  tubes  up  and  prices 
down. 

It  may  well  be  that  excessive  specifications  for  some  noncritical 
parameters  are  making  the  yield  on  deliverable  tubes  too  low  and.  thus 
prices  too  high  for  most  military  applications .  Specifications  have  a 
way  of  getting  written  for  the  obvious  but  not  necessarily  important 
factors,  while  the  critical,  less  well  understood  parameters  are  ig¬ 
nored. 

F.  OTHER  FACTORS 

In  addition  to  the  performance  of  the  sensor,  one  must  treat  with 
equal  care  most  of  the  topics  discussed  previously  plus  all  the  addi¬ 
tional  factors  of  a  display  that  can  seriously  degrade  image  quality 
or  perception. 

Thus,  one  must  specify  for  the  display  adequate  size,  brightness, 
and  dynamic  range,  and  freedom  from  distortion,  banding,  line  jitter, 
crawl,  and  twinning. 

Haste  for  procurement  at  the  expense  o  realistic  definitive 
specifications  has  filled  the  refuse  bins  with  expensive  failures  in 
the  night  vision  area.  As  the  old  adage  goes,  ”If  you  want  it  bad 
enough,  that’s  just  the  way  you’ll  get  it.” 
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APPENDIX 


DERIVATION  OF  DETECTION  PROBABILITY  CURVE 


As  the  mean  number  of  photoelectrons  in  the  spatial  and  temporal 
sampling  interval  becomes  large,  the  Poisson  probability  density  dis¬ 
tribution  approaches  a  Gaussian  or  normal  probability  density  distri¬ 
bution  given  by 

fx(x)  =  exp  [-1/2  [(x-m)/cr]2]/o(2rr)^  (A-l) 

where  X  is  the  random  variable,  x  is  the  independent  variable,  m  is 
the  mean,  and  cr  is  the  standard  deviation.  Consider  two  photoelectron 
population  densities,  the  first  representing  the  image  with  mean  M2 
and  standard  deviation  a2»  and  the  second  being  the  background  with 
mean  and  standard  deviation  We  wish  to  determine  how  the  dif¬ 

ference  m0  -  m.^,  which  represents  the  signal,  is  distributed  statisti¬ 
cally.  To  obtain  the  new  distribution,  we  use  the  concept  of  moment¬ 
generating  functions,  which  are  defined  by 


. 

v9)  = 

and  we  generate  moments 


CO 

exp  (8x)  .  f^(x)  dx 

-00 

V 

through  the  formula 


d[Mx(9)]/dk  |  0  =  o  =  \ 


(A-2) 


(A-3) 


•where  0  is  a  dummy  variable  and  a^  is  the  moment  of  order  k. 


Also,  note  that 
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Preceding  pag^blank 


M(X1  +  X2)^  MX1<9)  *  MX2^’ 


(A-4) 


and 


Mcg<x)<9>=Mg(x)(Cf°* 


For  a  normal  distribution 


( A-5) 


Mx(0)  =  exp  [m0  +  (l/2)c02]  (A-6) 

In  the  mathematical  detection  model,  we  express  the  signal  as  being 
the  difference  between  the  true  means  m2  and  m^  of  the  image  and  back¬ 
ground  signals,  and  this  will  be  true  on  the  average.  However,  in  arty 
given  sampling  interval,  the  difference  may  be  some  different  number 
x2  -  x^,  where  x2  and  x1  are  randomly  distributed.  Suppose  we  take  a 
number  of  samples  of  x^  and  x2  and  take  the  average.  Then, 

k  k 

=  *li  and  =  X2i  (S'7) 

1=1  1=1 

In  the  limit  as  k,  the  number  of  samples  is  increased  indefinitely, 
and  Xx  and  become  the  true  means  m1  and  m2.  However,  for  finite 
sample  numbers,  X  is  a  random  number  equal  to  the  mean  of  a  sample  of 
size  k. 

2 

Since  x^  is  normally  distributed  with  mean  m^  and  variance  ctx» 
its  moment-generating  function  ia  given  by  equations  A-4,  A-5,  and 
A-7,  as  follows: 

M  (0)  =  M1T>  (0) 
x  E2^xi 


and  by  equation  A- 6: 


(A-9) 


By  comparison  with  Eq.  A-6,  we  recognize  Eq.  A-9  as  the  moment -generating 
function  of  a  normally  distributed  variable  with  mean  m^  and  variance 
ox/k.  Having  shown  that  X2  and  are  normally  distributed,  we  now 
inquire  about  the  distribution  of  the  difference  X2  ■  X^.  Again,  we 
use  the  moment -gene rating  functions: 


M 

X2 


j 

|m20  + 


2  ‘ 

ou  2 
1/2  J. 


M_  (0)  =  exp 
XI 


-m.0  + 


1/2  T±,l 


CS-10) 


Thus, 

M_  _  (0)  =  exp 
X2-X1 

Again,  by  comparison  with  Eq.  A-6,  we  see  that  (X2  -  X^)  is  normally 
distributed  with  mean  equal  to  (m„  -  m  )  and  standard  deviation  equal 
to  [(o2  +  a^)/ k]*.  In  viewing  television  scenes,  the  eye  integrates 
a  number  of  samples  (k  =  1),  while  in  viewing  a  noisy  photograph,  only 
one  sample  is  involved. 

If  next  we  let  flm  be  the  random  variable  X2  -  and  Am  be  the 

mean  m2  -  m^,  An  is  recognized  as  the  number  of  signal  photoelectrons 

used.  Let  (a«  +  a?)  k  =  n  +  n  .  .  We  now  define  a  new  random  var- 
v  2  l  max  mm 
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z  =  (X  -  m)/o  =  (<5n  -  AM)/(nmax  +  nmin)  (A-12) 

If  x  is  a  normally  distributed  random  variable  with  mean  m  and  standard 
deviation  a,  then  z  =  (x  -  m)/a  can  be  shown  to  be  normally  distributed 
with  zero  mean  and  unit  standard  deviation.  Also,  observe  that  the 
probability  of  detection  is  equal  to  the  cumulative  probability 
that  Z  will  fall  in  the  range  from  -®  to  some  value  z2  is  expressed  by 
the  integral 


Pd(-«  <  Z  <  z2)  = 


-S-f 


exp  (-z  /2)  dz 


(A-13) 


When  z2  =  0,  Prf  =  0.5,  we  have  previously  defined  the  threshold  SNRD_T 
as  being  that  value  at  which  P^  =  0.5.  Thus,  since 


z  =  0) 

a  ’ 


when 


■^  =  -  =  SNR. 


DT’ 


(A-14) 


CT  ^nmax  +  nmin^  ' 


Therefore,  we  can  interpret  An/a  as  being  the  actu  il  display  signal- 
to-noise  ratio  (and  a  random  variable  and  #T/a  as  being  the  threshold 
display  signal-to-noise  ratio),  i.e., 


Z  =  SNRd  -  SNRpj, 


(A-15) 
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